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ABSTRACT
The r e s e a r c h  p r e s e n te d  in  t h i s  t h e s i s  was sponsored  by t h e  M in is t ry  
o f  Technology and c a r r i e d  out i n  th e  Physics  Department o f  Bedford 
C o l leg e ,  U n i v e r s i t y  of London, under th e  s u p e r v i s io n  of Dr.  E .S ,
Owen J o n e s .  The work was concerned with th e  ' P h y s i c s '  a sp e c t  of 
Remote Sens ing  o f  th e  t e r r a i n  w h i l s t  p a r a l l e l ,  c o - o r d in a t e d  r e s e a r c h  
i n to  th e  g r o u n d - r e l a t e d  a s p e c t s  of th e  p r o j e c t  were i n v e s t i g a t e d  
by a Research S tuden t  in  t h e  Geography Department and su p e r v i s e d  
by P r o f e s s o r  M.M, Cole .
Pho tograph ic  emuls ions  were used  to  sense  th e  v i s i b l e  and n e a r  
i n f r a - r e d  r a d i a t i o n  r e f l e c t e d  by t h e  t e r r a i n  and an i n f r a - r e d  l i n e -  
s canner  d e t e c t e d  t h e  longe r  wave i n f r a - r e d  (3 .5  -  5«5^ro) r a d i a t i o n  
e m i t t e d  from th e  ground.
The r e s e a r c h  s t u d i e d  two p a r t i c u l a r  a sp e c t s  in  d e t a i l ;  Data
A c q u i s i t i o n  and Data A n a ly s i s ,
The i n v e s t i g a t i o n s  i n t o  d a t a  a c q u i s i t i o n  r e q u i r e d  an examination  
i n t o  the  f a c t o r s  a f f e c t i n g  t h e  v a r i o u s  types  of  r a d i a t i o n  as  wel l  
as equipment c a l i b r a t i o n  p ro c e d u re s .
The a n a l y s i s  o f  t h e  d a t a  o b ta in e d  w i th  cameras was t r e a t e d  quan­
t i t a t i v e l y  w h i l s t  the  imagery d e r iv e d  from th e  l i n e - s c a n n e r  was of
degraded  q u a l i t y  and only v i s u a l  i n t e r p r e t a t i o n  t e ch n iq u es  were 
a p p l i e d .
The r e s e a r c h  c a r r i e d  out has made c o n t r i b u t i o n s  in  two a r e a s .
F i r s t l y  i t  has p rov ided  g r e a t e r  u n d e rs tan d in g  o f  th e  manner in  
which remote s e n s in g  e x o r c i s e s  should  be under taken  in  o rd e r  to  
reduce  ex per im en ta l  e r r o r s .  Secondly ,  th e  d i f f i c u l t i e s  a s s o c i a t e d  
wi th  t h e  a n a l y s i s  of rem ote ly  sensed  d a ta  were s t u d i e d  and s e v e r a l  
u s e f u l  u n su p erv i sed  c l u s t e r  a n a l y s i s  s t r a t e g i e s  have been proposed 
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1 INTRODUCTION
Remote Sens ing  was evolved d u r in g  th e  second World War when r e ­
c o n n a i s s a n c e / s u r v e i l l a n c e  te c h n iq u e s  were developed from s t r a i g h t ­
forward  a e r i a l  p ho tog raphy . In  p a r t i c u l a r  t h e  use  o f  co lo u r  and 
i n f r a - r e d  'camouflage  d e tec t io n *  f i lm s  showed t h a t  a c o n s id e r a b l e  
amount o f  in fo rm a t io n  r e l a t i n g  t o  th e  t e r r a i n  could  be i n f e r r e d  
from t h e  pho tog raphs .
L i t t l e  use  was made o f  t h e s e  t e c h n iq u e s  u n t i l  t h e  e a r l y  1 9 6 0 ' s ,  
when t h e  n o n - m i l i t a r y  b e n e f i t s  of  t h e s e  and o t h e r  more r e c e n t l y  
developed systems such as i n f r a - r e d  thermal imaging and r a d a r  were 
a p p r e c i a t e d .  The p r im ary  a re a s  o f  i n t e r e s t  were then  in  a g r i c u l t u r e  
and f o r e s t r y  a l though  th e  s u b j e c t  now encompasses a l l  a s p e c t s  of 
t h e  environment,  wi th  s p e c i a l  r e f e r e n c e  t o  e a r t h  r e s o u r c e s  and 
p o l l u t i o n .
In g e n e r a l  te rms Remote Sens ing  r e f e r s  t o  t h e  remote m o n i to r in g  o f  
t h e  e a r t h ,  t y p i c a l  c u r r e n t  p r o j e c t s  be ing  Weather S a t e l l i t e s ,  ERTS 
(E ar th  Resources  Technology S a t e l l i t e ) ,  Skylab ,  Sky la rk  ( t h e  B r i t i s h  
remote s e n s in g  system based on sounding r o c k e t s ) ,  t o g e t h e r  w i th  more 
th a n  160 d i f f e r e n t  European exper im en ta l  programmes ( 1 ) .
The M in i s t ry  o f  Technology ( l a t e r  th e  M in i s t ry  of  A v ia t io n ,  Supply 
and c u r r e n t l y  th e  M in is t ry  o f  Defence) i n s t i g a t e d  a remote s e n s in g  
programme j o i n t l y  w i th  th e  Ph y s ic s  and Geography Departments  o f  
Bedford Col lege  ( U n iv e r s i t y  of  London), The s tu d y ,  which l a s t e d  
t h r e e  y ea r s  from September 1970 u n t i l  September 1973# was an i n v e s ­
t i g a t i o n  in to  remote sen s in g  t e c h n iq u e s  u s in g  m u l t i - s p e c t r a l  pho to­
graphy and the rm al  i n f r a - r e d  l i n e s c a n n e r  imagery,  th e  main a r e a  o f  
i n t e r e s t  be ing  in  Queensland, A u s t r a l i a ,  w i th  t r i a l s  in  Wales and 
D erbysh i re  be fo rehand .
The s tu d y  was c o n s id e re d  as a f e a s i b i l i t y  e x e r c i s e ,  t h e  methods of  
a n a l y s i s  and o v e r a l l  o b j e c t i v e s  be ing  l e f t  to  t h e  r e s e a r c h  groups 
bu t  were based p r i m a r i l y  on t h e  work c a r r i e d  ou t  by p rev io u s  workers 
i n  remote s e n s in g  ( 2 ) .
The environment o f  Western Queensland, A u s t r a l i a ,  s e l e c t e d  f o r  
s tudy  was th e  s e r a i - a r id  d e s e r t  n e a r  to  th e  m ine ra l  d e p o s i t s
— 8 —
e x p l o i t e d  in  the  l a t e  19th and e a r l y  20th  c e n t u r i e s  t o  th e  e a s t  
o f  Mount I s a  and c lo s e  t o  Mary Kath leen and C loncu r ry .  Two a reas  
were d e l i n e a t e d  f o r  th e  p r o j e c t ,  t o t a l l i n g  some 1800 sq u a re  k i l o ­
m e t r e s ,  c o n s i s t i n g  in  th e  main o f  land  com ple te ly  u n a f f e c t e d  by 
man and with  s p a r se  v e g e t a t i o n .  However, t h e  v e g e t a t i o n  a l though  
s p a r s e  was changed when d i f f e r e n t  m o is tu re  c o n d i t i o n s ,  s o i l  and 
rock  ty p e s  were e n co u n te red .  S i m i l a r l y  t h e  p re sence  o r  absence 
o f  m i n e r a l i s a t i o n  a t  or n ea r  t o  t h e  e a r t h ' s  s u r f a c e  i n f l u e n c e d  th e  
v e g e t a t i o n  in  s e v e r a l  ways. High l e v e l s  o f  m ine ra l  d e f i c i e n c i e s  
led  t o  t h e  v e g e t a t i o n  be ing  s t u n t e d  or even t o  only  t h e  s u r v i v a l  
o f  h a r d i e r  s p e c i e s ,  w h i l s t  more modera te  d e f i c i e n c i e s  on ly  became 
s i m i l a r l y  a p p a r en t  when th e  environment was p a r t i c u l a r l y  h a r s h ,  
e . g .  i n  a y ea r  o f  r e l a t i v e l y  low r a i n f a l l .  Toxic  l e v e l s  o f  m ine ra ls  
tended  t o  favou r  t h e  more hardy  s p e c i e s  bu t  above a c e r t a i n  con­
c e n t r a t i o n  t h e  background p l a n t s  d id  no t  s u r v iv e  and c om ple te ly  
d i f f e r e n t  p l a n t s  grew. These l a t t e r  p l a n t s  a r e  r e f e r r e d  t o  as 
' i n d i c a t o r s ' ,  a  te rm which i s  a l s o  a p p l i e d  to  th o s e  p l a n t s  which 
change t h e i r  c o lo u r s  when s u b j e c t e d  to  d i f f e r e n t  m inera l  l e v e l s  ( 3 ) .
The p r o j e c t  workload was a r ranged  such t h a t  i n  Spring/Summer 1971 
when t h e  team went t o  A u s t r a l i a  and th e  imagery was o b ta in e d ,  t h e  
Geography group (4  pe rsons )  under took  t h e  bu lk  o f  t h e  ground t r u t h  
work w h i l s t  t h e  Ph y s ic s  group (2 pe rsons)  a t t e n d e d  to  t h e  c a l i b ­
r a t i o n  o f  t h e  imagery.
The Geography Department ground t r u t h  programme was c e n te r e d  on 
r e g i o n s  s e l e c t e d  because of  t h e i r  g e o b o tan i ca l  f e a t u r e s  £ind, in  
p a r t i c u l a r ,  on anomalous a r e a s  o f  v e g e t a t i o n  o c c u r r in g  as a r e s u l t  
o f  t o x i c  minera l  l e v e l s ,  V e g e t a t i o n a l , g e o l o g i c a l  and s o i l  a n a ly se s  
were c a r r i e d  ou t  a long  a t r a n s e c t  l i n e  which in  most c a se s  i n t e r ­
s e c t e d  a t  r i g h t  an g le s  th e  ' s t r i k e '  o f  t h e  narrow m i n e r a l i s e d  
r e g io n  w h i l s t  a v e g e t a t i o n / s u r f a c e  s o i l s  map o f  th e  immediate a reas  
(1 ,000 X 1,000m,) was a l s o  s k e t c h e d  o u t .  The ground t r u t h  programme 
was con t inued  in  1972, when t h e  Geography group checked out geo­
b o t a n i c a l  f e a t u r e s  t e n t a t i v e l y  i d e n t i f i e d  on th e  p ro ce ssed  imagery.
The m u l t i - s p e c t r a l  photography, u s in g  f o u r  70 mm. cameras c o n ta i n in g  
t r u e  c o l o u r ,  ' f a l s e *  co lour  i n f r a - r e d ,  and two f i l t e r e d  b la c k - a n d -  
w h i te  f i l m s ,  t o g e t h e r  wi th  th e  thermal i n f r a - r e d  l i n e s c a n n e r  imagery
was o b ta in e d  under c o n t r a c t  with  F a i r e y  Surveys  L t d . ,  o f  Maidenhead, 
B e r k s h i r e ,  P r o c e s s in g  of  t h e  i n f r a - r e d  l i n e s c a n  imagery was sub­
c o n t r a c t e d  t o  E,M .I .  L t d . ,  who a l s o  p rov ided  th e  equipment and 
o p e r a t o r .
The i n f r a - r e d  l i n e s c a n  imagery was o f  low q u a l i t y  and on ly  q u a l i t a t i v e  
a n a l y s i s  ^was e v e n t u a l l y  u n d e r ta k en .  S ev e ra l  frames o f  t h e  photo ­
g ra p h ic  imagery were d i g i t i s e d  wi th  a Joyce  Loebl M icrodens i tom ete r  
( l a t e r  upda ted  t o  t h e  A u to d e n s id a te r  v e r s io n )  and a c l u s t e r  a n a l y s i s  
approach  was used t o  p ro cess  t h e  d a t a .  T h is  method, which d id  no t  
r e q u i r e  a p r i o r i  i n fo rm a t io n  r e l a t i n g  to  t h e  t e r r a i n ,  was chosen 
a f t e r  c o n s id e r a b l e  d i f f i c u l t i e s  were encoun te red  in  a t t e m p t in g  to  
r e l a t e  p a r t i c u l a r  d a t a  s e t s  t o  s p e c i f i c  ground t r u t h  f e a t u r e s .
C lu s t e r  a n a l y s i s  t e c h n iq u e s  have no t  been commonly used in  th e  f i e l d  
o f  remote s e n s in g  where s u p e r v i s e d  l e a r n i n g  r o u t i n e s  appeared  to  be
an a lm ost s t a n d a r d  p ro c e d u re .  However, t h e  approach and m o d i f i c a t i o n s
evolved d u r in g  t h e  s tudy  o f f e r e d  s e v e r a l  advantages  over t h e  accep ted  
methods a l though  th e  r e a l - t i m e  a n a l s y i s  o f  th e  bulk  d a t a  was no t  
a c h ie v e d .  N e v e r th e le s s  t h e  a n a l y s i s  t e c h n iq u e s  were developed t o  
a l e v e l  o f  a c c e p t a b i l i t y  as a v i a b l e  approach and s e v e r a l  a r e a s  of 
i n t e r e s t  in  which f u r t h e r  r e s e a r c h  i s  r e q u i r e d  were r e v e a l e d .  A 
s e c t i o n  o f  t h e  t h e s i s  devoted to  sugges ted  f u r t h e r  work i s  in c lu d e d .
R efe rences
(1) E .S ,P .O .  : D i r e c t o r y  of  European a c t i v i t i e s  in  t h e  Remote
Sens ing  of  e a r t h  r e s o u r c e s .  N e u i l l y ,  1973.
(2) See 'P ro ceed in g s  of  the  symposia on remote s ens ing  o f  the  
environment '  , Ann Arbor,  Michigan.
(3) PETERSON ; Sc ience  P r o g r e s s ,  59» 505, 1971
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2 FIELD AND LABORATORY PROGRAMMES THROUGHOUT THE STUDY
2.1  A c t i v i t i e s  P r i o r  t o  t h e  A u s t r a l i a n  F i e l d  Study
The formal  commencement of  th e  p r o j e c t  in  September 1970 co inc ided  
with  t h e  comple tion o f  a p i l o t  f l y i n g  programme c a r r i e d  ou t  by 
F a i r e y  Surveys L t d . ,  over  a r e a s  in  D erbysh i re  and Mid-Wales. The 
su rvey  used an EMI 'Airscan* i n f r a - r e d  l i n e s c a n n e r  and a m u l t i -  
s p e c t r a l  camera package,  i t s  purpose  be ing  t o  de te rm ine  th e  
o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  i n s t r u m e n ta t io n  p r i o r  t o  t h e  
'A u s t r a l i a n  s tu d y .
The i n f r a - r e d  l i n e s c a n n e r  used a cooled  indium antimonide  d e t e c t o r  
s e n s i t i v e  t o  t h e  3*5 -  5*5 micron waveband, t h e  ou tpu t  from th e  
d e t e c t o r  b e in g  rec o rd ed  on a v ideo  t a p e - r e c o r d e r .  O pera t ion  o f  
t h e  l i n e s c a n n e r  was accompanied by t h a t  o f  t h e  m u l t i - s p e c t r a l  
camera package compris ing  fo u r  Vin ten  F 95, 10 .2  cm. (4  inch)  
f o c a l  l e n g th  e l e c t r i c a l l y  o p e ra te d  cameras,  f i r e d  s im u l ta n e o u s ly ,  
each w i th  c a s s e t t e s  h o ld in g  35 metres  of  70 mm. f i l m  g iv i n g  approx­
i m a te ly  400 frames w i thou t  r e l o a d i n g .  The f i l m s ,  f i l t e r s  and o th e r  
r e l a t e d  d a t a  a re  shov/n i n  Table  2 .1  w h i l s t  F igu res  2.1  and 2 .2  
show t h e  s e n s i t i v i t y  o f  th e  f a l s e - c o l o u r  f i l m  and th e  dye t r a n s ­
m is s io n  f a c t o r s  f o r  t h e  two co lo u r  f i l m s  r e s p e c t i v e l y .  The 
p ro c e s s ed  i n f r a - r e d  l i n e s c a n  d a t a  t o g e t h e r  w i th  th e  m u l t i - s p e c t r a l  
imagery in  t h e  form o f  e i t h e r  co lou r  t r a n s p a r e n c i e s  or b lack  and 
w hi te  n e g a t i v e s  was th e n  examined in  o rd e r  t o  d e f in e  t h e  o p e r a t i o n a l  
r e q u i r e m e n t s  f o r  t h e  A u s t r a l i a n  e x e r c i s e .  These o b s e r v a t io n s  and 
t h e  r e s u l t a n t  recommendations a r e  summarised below.
( i )  I n f r a - R e d  L inescanner  (See f ig u r e 5 * 5 f o r  example)
The s p a t i a l  r e s o l u t i o n  o f  th e  system was w i t h i n  t h e  p r e d i c t e d  l i m i t s  
as b o th  th e  l im es to n e  w a l l s  about 0 .5  metres  wide and th e  t r a c k s  
made by herds  o f  an imals  p a s s in g  through t h e  g a te s  between f i e l d s  
could  be c l e a r l y  s e e n ,  (The a l t i t u d e  o f  t h e  a i r c r a f t  above t h e  
ground was approx im ate ly  1,200 metres  (4 ,000 f t . )  and th u s  a system
r e s o l u t i o n  o f  1 ,5  m i l l i - r a d i a n s  would imply r e s o l u t i o n  o f  o b j e c t s  
on t h e  ground about 1 .8  metres  in  d i a m e t e r ) .
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+U.K. P i l o t  s tudy  TRI X, 8442 and 8443 
A u s t r a l i a n  PAN F, 2448 and 2443
The changes were th e  r e s u l t  o f  f i lm  a v a i l a b i l i t y  in  t h e  case  
o f  TRI-X and changes in th e  f i l m  bases  o f  8442 and 8443.
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In  some a re a s  th e  imagery showed phenomena such as l a r g e  s c a l e  
t e x t u r a l  p a t t e r n s  which extended over  many f i e l d s  and were b e l i e v e d  
to  be due t o  v a r i a t i o n s  in  s u r f a c e / s u b - s u r f a c e  s o i l  m o is tu re  
l e v e l s .  However, no t e m p e ra tu re  r e a d in g s  were a v a i l a b l e  t o  i n ­
d i c a t e  t h e  thermal  r e s o l u t i o n  o f  th e  system.
By f a r  th e  most dominant pa ram ete r  seen on t h e  imagery was t e r r a i n  
r e l i e f .  This  r e s u l t e d  from s o l a r  r a d i a t i o n  b e in g  both  r e f l e c t e d  
and r e - e m i t t e d  ( a f t e r  a b s o r p t io n )  by t h e  t e r r a i n  f a c i n g  t h e  sun, 
t h e r e b y  g i v in g  i t  a pronounced to p o g r a p h ic - ty p e  appea rance .
In  o r d e r  t o  reduce  t h e  e f f e c t s  o f  t e r r a i n  r e l i e f  to  a minimum, 
o p e r a t i o n  o f  t h e  l i n e s c a n n e r  was r e q u e s te d  f o r  n i g h t - t i m e  and, 
p r e f e r a b l y ,  j u s t  p r i o r  t o  dav/n. A 4 .5  -  5*5 micron band-pass  
f i l t e r  was f i t t e d  so t h a t  any post-dawn imagery t h a t  might be 
o b t a in e d  as a r e s u l t  o f  p ro longed  f l y i n g  p e r io d s  would c o n ta i n  
s o l a r  h e a t i n g  e f f e c t s  r a t h e r  th a n  r e f l e c t e d  s o l a r  r a d i a t i o n  (see  
S e c t io n  4 , 1 ) •
( i i )  Panchromatic  TRI-X Films
T h i s ,  as w i th  t h e  o t h e r  t h r e e  f i l m s ,  e x h i b i t e d  s u r f a c e  b lemishes  
due t o  c a r e l e s s  h a n d l in g  b u t ,  more i m p o r t a n t l y ,  t h e  o v e r a l l  d e n s i t i e s  
o f  th e  f i lm s  v a r i e d  due to  e i t h e r  d i f f e r e n t  exposure  or  development 
t i m e s .  This l a t t e r  f a u l t  was r e c t i f i e d  by t h e  i n s e r t i o n  o f  s t e p  
wedges a t  t h e  s t a r t  o f  each s p o o l .  Development t imes  o f  8 minutes  
a t  70°F wi th  f u l l  s t r e n g t h  Kodak D19 deve lope r  were chosen as th ey  
produced a gamma v a lu e  between 1 .2  and 1 .4 ,  t h i s  be ing  norm al ly  
c o n s id e re d  n e c e s sa ry  f o r  a e r i a l  photography.
( i i i )  Fa l se -C o lo u r  In f ra -R e d  Film (Type 84^f3)
The i n t e n s i t y  o f  r e d s  th roughou t  t h e  imagery appeared n e a r  s a t u r a t i o n  
l e v e l  and t e s t  exposures  would need to  be taken  in  A u s t r a l i a  b e fo re  
r o u t i n e  photography was commenced. The s u s c e p t i b i l i t y  of  th e  f a l s e -  
c o lo u r  f i l m  t o  v a r i a t i o n s  in  s o l a r  r a d i a t i o n  i n t e n s i t y  r e s u l t e d  in  
t h e  hours  between which photography was p o s s i b l e  w i thou t  changes in  
a p e r t u r e  be ing  from 10.00 to  14 .00  l o c a l  t im e .  Uneven development 
r e s u l t e d  in  co lo u r  d i s t o r t i o n s  on a few f r am e s .  This  i s  d i s c u s s e d  
below.
-  15
S p e c t r a l
S e n s i t i v i t y
100
Cyan forming l a y e r
Yellow forming l a y e r  















0.60 .4 0 .70 .5
FIGURE 2.2  SHOWING THE DYE LAYER SPECTRAL DENSITY CURVES FOR 
KODAK COLOUR FILM EMULSIONS
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( iv )  True Colour f i lm  (Type 8442)
The t r a n s p a r e n c i e s  were very  t h i n  ( i . e .  l a c k i n g  d e n s i t y )  and con­
s e q u e n t ly  had g e n e r a l l y  low c o n t r a s t  due to  t h e  f a i l u r e  t o  use the  
lA haze f i l t e r  which had been s p e c i f i e d .  D i s t o r t i o n s  o f  t h e  co lo u rs  
w i th in  a few frames were a l so  seen and were due to  th e  rewind method 
o f  development.  This  e f f e c t ,  a l so  p r e s e n t  on t h e  f a l s e - c o l o u r  
f i l m ,  was s u b se q u e n t ly  r e c t i f i e d  by th e  use o f  a s p i r a l  development 
method. The development t im es  and tem p e ra tu res  of  t h e  f i l m s  were 
t o  be w i th in  -  10 seconds and -  0 .5°F  r e s p e c t i v e l y .
»(v) The gene ra l  req u i rem en ts  f o r  th e  photography were f o r  t h e  a re a s  
concerned t o  be flown such t h a t  a d ja c e n t  f l i g h t  l i n e s  r e s u l t e d  in  
no l a t e r a l  o v e r l a p  o f  t h e  imagery bu t  w i th  a 60% fo rward  o v e r la p  
on c o n se c u t iv e  frames to  a l lo w  s t e r e o s c o p i c  v iew ing .
The s t r i n g e n t  r e q u i re m e n ts  p la c e d  on t h e  p r o c e s s in g  of  th e  co lour  
f i l m s  r e q u i r e d  t h a t  th e y  be r e t u r n e d  to  England where equipment 
o f  s u f f i c i e n t l y  h igh  p r e c i s i o n  e x i s t e d  and on ly  t h e  TRI-X f i l m  
w ith  t h e  ye llow f i l t e r  and th e  i n f r a - r e d  l i n e s c a n  d a t a  were p ro ­
cessed  in t h e  f i e l d .  In  both  c a se s  t h i s  was done p r i m a r i l y  to  
a s c e r t a i n  t h a t  complete  coverage o f  t h e  f l y i n g  b locks  had been 
o b t a in e d .
The d i r e c t i o n  o f  view of  each of th e  cameras was s l i g h t l y  d i f f e r e n t  
and re - a l ig n m e n t  by th e  c o n t r a c t o r s  of t h e  camera mountings was 
u n d e r ta k en .
The c o n c lu s io n s  drawn from th e  p i l o t  e x e r c i s e  were t h a t  t h e  imagery 
had shown v a r i a t i o n s  in  th e  systems which could  not be t o l e r a t e d  
i f  q u a n t i t a t i v e  measurements were to  form t h e  b a s i s  o f  any a n a l y s i s .  
Although th e  above recommendations should  have e l im in a te d  o r  a t  
l e a s t  g r e a t l y  reduced some of  t h e s e  v a r i a t i o n s ,  e x t e r n a l  c a l i b ­
r a t i o n s  o f  th e  imagery would n e v e r t h e l e s s  be r e q u i r e d ,  no t  only  
t o  check th e  performance o f  th e  systems bu t  a l s o  t o  enable  c o r r e c t i o n s  
t o  be made f o r  any e r r o r s  which might i n a d v e r t e n t l y  a r i s e .  I t  was 
th e n  p o s s i b l e  t o  make d e n s i t y  scans  on th e  Derbysh i re  imagery and 
t o  i n v e s t i g a t e  d i f f e r e n t  a n a l y s i s  t e ch n iq u es  p r i o r  to  th e  c o l l e c t i o n  
of  t h e  l a r g e  amount o f  imagery i n  A u s t r a l i a ,
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One p a r t i c u l a r  frame (number 14? Derbysh i re )  was chosen which 
c o n ta in ed  s e v e r a l  d i f f e r e n t  f i e l d  types  and i t  was scanned us ing  
a Joyce Loebl M icrodens i tom ete r  I I I  CS (1) , The d a t a  co n ten t  
o f  t h e  d e n s i t y  scan was however too  high f o r  manual e x t r a c t i o n  
from t h e  g r a p h ic a l  ou tpu t  and, in  o rd e r  t o  d i g i t i s e  th e  d a t a ,  
a p o t e n t io m e te r  was f i t t e d  to  enab le  a v o l t a g e  p r o p o r t i o n a l  to  
th e  p o s i t i o n  of  th e  graph-pen to  be o b ta in e d .
2 .2  The A u s t r a l i a n  F i e l d  Programme
C a l i b r a t i o n  o f  th e  i n f r a - r e d  l i n e s c a n n e r  was cons ide red  e s s e n t i a l  
' a n d  a g ra s s  oval and a swimming pool in  a r e c r e a t i o n  complex a t  
Mt. I s a ,  t h e  town a t  which t h e  su rvey  a i r c r a f t  was based ,  were 
o f  a p p r o p r i a t e  d imensions  fo r  c a l i b r a t i o n  t a r g e t s .  The photo­
g ra p h ic  system was more d i f f i c u l t  to  c a l i b r a t e  a s ,  d u r in g  a given 
s o r t i e ,  t h e  f i lm  c a s s e t t e s  would need to  be changed and th u s  th e  
p l a c i n g  o f  any c o lo u r  t a r g e t s  a t  ( f o r  example) th e  a i r p o r t  would 
be r u l e d  o u t .  Consequently  i t  was dec ided  to  use  p o r t a b l e  c a l i b ­
r a t i o n  boards  which would be moved a long  t r a c k s  w i th in  t h e  a r e a s  
be ing  photographed so as to  i n t e r c e p t  t h e  p a th  o f  th e  a i r c r a f t .
As each f i l m  c a s s e t t e  would s u f f i c e  f o r  a t  l e a s t  two f l i g h t  l i n e s  
th e  boards  would appear  once o r  p o s s i b l y  tw ice  on each f i l m .  
C a l i b r a t i o n  t a r g e t s  were c o n s t r u c t e d  o f  ha rdboard  s h e e t s  each 
2m, X 1.5m, (6* x 4 ’ ) wi th  4 o r  6 boards  f o r  each o f  t h e  c o l o u r s ,  
r e d ,  g reen ,  b l u e ,  whi te  and a g rey ,  r e p r e s e n t a t i v e  o f  t h e  spectrum 
of  t h e  f i l m s .  A d d i t i o n a l l y  l i g h t  g rey ,  da rk  grey  and Dayglow 
p l a s t i c  s h e e t i n g s  were o b ta in e d  and a re  d e t a i l e d  below*
E x tens ive  l o g i s t i c  suppor t  was p rov ided  by th e  Bureau o f  Mineral  
Resources  and accommodation a t  Mary Kath leen was a r ranged  by 
c o u r t e s y  o f  C onso l ida ted  Zinc Rio T in to  A s s o c i a t e s .
The f i n a l  s e t  o f  moveable c a l i b r a t i o n  t a r g e t s  was as f o l l o w s : -
Blue: (3*9 x 3*9) m (12 '  x 1 2 ' )  a r r a y  o f  boa rds :
B r i t i s h  P a i n t s  L t d . ,  N u - P l a s t i c  Velvet  F l a t
Red: (3*9 % 2 .6 )  m (12 '  x 8 ' )  a r r a y  o f  boards :
Glowmaster F lu o r e s c e n t
Dayglow (3*9 x 1 .6 )  m (12* x 3 ' )  canvas backed canopy
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Light-Grey :  GY0283 5 0 /2 /26  3 o f f  (3 .9  x 1 .3 )  m (12» x 4»)
P l a s t i c  s h e e t i n g ,  Hylex C orpora t ion  Ltd .
Dark-Grey: GY0314 50 /2 /2 6  3 o f f  (3 .9  x 1 .3 ) m (12» x 4»)
P l a s t i c  s h e e t i n g ,  Nylex C o rpora t ion  L td .
The a r e a s  d e l i n e a t e d  f o r  s tudy  and denoted  by A, B, and C in  
f i g u r e s  4 .10  and 4.31 were r e c o n n o i t r e d  wi th  r e g a rd  t o  th e  a c c e s s ­
i b i l i t y  of th e  r e g io n s  of  i n t e r e s t ,  and f o r  th e  purpose o f  l o c a t i n g  
t r a c k s  s u i t a b l e  f o r  l a y i n g  down c a l i b r a t i o n  b o a rd s .  S ince  the  
f l i g h t  l i n e s  would run  N -  S i n  Blocks A and B and E -  W i n  
Block C, t h e  t r a c k s  needed t o  be E -  ¥ and N -  S r e s p e c t i v e l y .
,The nominal f l y i n g  a l t i t u d e  f o r  Block A was 980m.(3,000 f t . ,
1 :5 ,0 0 0  s c a l e )  and fo r  Blocks B and Ç, 1 ,9 0 0 m . ( 5 ,8 5 0 f t . ,  1 :15 ,000  
s c a l e ) .  Consequently  a camera f i e l d  of  view of -  20° from th e  
n a d i r  r e s u l t e d  in  a l i n e  spac ing  f o r  a d j a c e n t  f l i g h t  l i n e s  of  
275%* (0 .17  m i le s )  f o r  Block A and SOOm, (0*5 m i le s )  f o r  Blocks 
B and C. S u i t a b l e  t r a c k s  were l o c a t e d  and mapped.
The t e m p e ra tu re  of  th e  t o p  fo u r  m i l l i m e t r e s  of  th e  water  i n  th e  
swimming pool was sampled a t  10 p o i n t s  over i t s  s u r f a c e  and 
r e a d i n g s  w i th in  -  0.1°C o f  each o t h e r  i n d i c a t e d  t h a t  t h e  water 
was be ing  a d eq u a te ly  c i r c u l a t e d .  The s i z e  and tem p e ra tu re  u n i fo r m i ty  
o f  t h e  pool made i t  s u i t a b l e  as  a l i n e s c a n  c a l i b r a t i o n  t a r g e t  as 
d id  fo u r  a d ja c e n t  t e n n i s  c o u r t s  with c o n c r e te  s u r f a c e s .  The g ra s s  
oval  was la rg e  enough to  s a t i s f y  th e  s p a t i a l  r eq u i rem en ts  f o r  a 
c a l i b r a t i o n  t a r g e t  bu t  the  i n t e r m i t t e n t  and p a r t i a l  w a te r in g  o f  i t  
c a r r i e d  out a t  08,00 could  have produced t e m p e ra tu re  d i f f e r e n c e s  
due t o  d i f f e r e n t  l e v e l s  of m o i s t u r e .  Tes t  r e a d in g s  were t h e r e f o r e  
t a k en  of  the  g r a s s  and th e  s u r f a c e  l a y e r  of  ground between 06 .30  
and 0 8 . 3 0 , t h e  t im es  between which t h e  a i r c r a f t  was expec ted  to  be 
f l y i n g ,  and th e  v a r i a t i o n s  found to  be -  1 .5 ^ 0 .  This r e s u l t e d  in  
a d e c i s i o n  to  moni tor  th e  g r a s s  canopy and ground t e m p e ra tu re s  a t  
t h r e e  d i f f e r e n t  l o c a t i o n s .
The tem p e ra tu re  o f  the  c o n c re te  s u r f a c e  of th e  t e n n i s  c o u r t s  was 
o b t a in e d  by means of  a c a l i b r a t e d  t h e r m i s t o r  embedded i n  a smal l  
q u a n t i t y  of  "B os t ik "  s e a l e r  s tu ck  t o  th e  s u r f a c e .  Table  2 ,2  shows 
th e  e x c e p t i o n a l l y  heavy r a i n f a l l  o f  February  and March b u t ,  by
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m id - A p r i l ,  t a r g e t s  were p laced  in  the  f i e l d  t o  d e l i n e a t e  a r e a s  
on t h e  imagery o f  p a r t i c u l a r  i n t e r e s t .  At th e  same time an 
a d d i t i o n a l  s e t  o f  c a l i b r a t i o n  boards  was p repa red  and l a i d  down 
o u t s i d e  the  main f l y i n g  b locks  so t h a t  i t  could  be photographed 
as th e  a i r c r a f t  was t u r n i n g  between s u c c e s s iv e  f l i g h t - l i n e s , Th is  
was done as a p r e c a u t i o n  l e s t  th e  ground team could  no t  p o s i t i o n  
th e  moveable b o a rd s .
On 24th  A pr i l  two f l i g h t s  were made, a t  07*30 and 10 .30 ,  t o  t e s t  
t h e  i n f r a - r e d  l i n e s c a n n e r  and m u l t i - s p e c t r a l  camera a r r a y s  r e ­
s p e c t i v e l y .  The former equipment developed an apparen t  f a u l t  
which r e q u i r e d  th e  d e t e c t o r  to  be r e p l a c e d  and t h e  system t o  be 
r e f o c u s s e d .
N a v ig a t io n a l  d i f f i c u l t i e s  r e s u l t e d  in  t h i s  and a l l  subsequent  
l i n e s c a n n i n g  a c t i v i t i e s  t a k i n g  p l a c e  a f t e r  f i r s t  l i g h t  and, as 
a  consequence ,  t h e  t e r r a i n  underwent s o l a r  h e a t i n g  as t h e  f l i g h t  
p r o g r e s s e d .
L inescann ing  o p e r a t io n s  were c a r r i e d  out on 24 th  A pr i l  t o  4 th  May 
and 7 th  to  13t h  May w h i l s t  t h e  m u l t i - s p e c t r a l  photography took 
from 24th  A pr i l  t o  24th  May. Throughout th e  p e r io d  o f  t h e  op­
e r a t i o n s  t h e  t e m p e ra tu re s  of th e  l i n e s c a n  c a l i b r a t i o n  t a r g e t s  
were c o n t in u o u s ly  monitored  from 06.30  t o  0 8 .2 0 .  The c a l i b r a t i o n  
boards  were moved a long th e  t r a c k s  f o r  a l l  b locks  except  A, where 
t h e  s e p a r a t i o n  of  f l i g h t  l i n e s  made t h e  number o f  ab o r te d  a t t e m p ts  
by t h e  p i l o t  and, co n se q u e n t ly ,  th e  number of m i s - lo c a t e d  boards  
too  g r e a t .
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TABLE 2 ,2  R a i n f a l l  measurements in  100th*s o f  inches  from
Mount I s a  A i rp o r t  f o r  Februa ry ,  March cuid A pr i l  1971
DATE: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
FEB: 0 0 0 21 0 0 48 0 90 74 0 0 0 0 0
MAR: 0 0 175 141 304 - 12 0 0 0 2 12 - 0 0
APR: 39 2 0 0 0 0 0 0 0 0 10 110 94 21 136
DATE: 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
FEB: 7 0 1 0 0 0 16 0 0 0 18 0 1
MAR: 0 0 107 - - 0 0 0 0 0 45 1 1 20 16 37
APR: 39 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
The r e a d in g s  from t h e  l i n e s c a n  c a l i b r a t i o n  t a r g e t s  showed t h a t  th e  
r a t e  of  h e a t i n g  o f  t h e  t e r r a i n  would r a d i c a l l y  a f f e c t  t h e  the rm al  
c o n t r a s t s  between o b j e c t s  on t h e  ground.  As a r e s u l t  a s e t  o f  
measurements over  a 24 hour p e r io d  was made in  t h e  f i e l d  o f  th e  
t e m p e r a t u r e s  o f  t y p i c a l  t a r g e t s  t o  p rov ide  some d a t a  on t h e  mag­
n i t u d e  and r a t e  o f  t h e s e  e f f e c t s .
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2 .3  Labora tory  Programme from June 1971 to  August 1973
The p r o c e s s in g  o f  a l l  the  imagery from A u s t r a l i a  took about two 
months and, d e s p i t e  th e  p r e c a u t i o n s  t a k e n ,  some f a u l t s  s t i l l  
o c c u r r e d .  The exposure  of th e  f a l s e - c o l o u r  f i lm  was uneven with 
a d a rk e r  co loured  band towards  and p a r a l l e l  t o  th e  edge o f  q u i t e  
a few f ram es .  This  was most p robab ly  due t o  an i n t e r m i t t e n t  
f a u l t  wi th  t h e  fo c a l  p lane  s h u t t e r  mechanism. In  a d d i t i o n  to  
t h i s  a r e a s  o f  the  frames appeared to  be b leached  o u t ,  b a re  a r e a s  
^of ground seeming to  be white  or comple te ly  t r a n s p a r e n t  on th e  
pho tography .  I n i t i a l l y  t h i s  was thought  t o  have been caused by 
o v e r -exposu re  but d e n s i t o m e t r i c  measurements on th e  f i l m  showed 
t h a t  t h e  d e n s i t y  v a r i a t i o n s  w i th in  th e  i n f r a - r e d  s e n s i t i v e  
emulsion l a y e r  were tw ice  as g r e a t  as those  w i th in  th e  o t h e r  
l a y e r s  and i t  v/as a lack  of co lou r  b a lance  r a t h e r  than  i n c o r r e c t  
exposure  which caused the  e f f e c t .  There were a l s o  c o n s id e r a b l e  
d i f f e r e n c e s  between th e  t e s t  exposures  made and developed in  
A u s t r a l i a  and th o se  o f  the  same a r e a  p ro cessed  in  England, due 
no doubt to th e  p a r t i c u l a r  s e n s i t i v i t y  o f  th e  i n f r a - r e d  f i l m  t o  
p r o c e s s in g  c o n d i t i o n s ,
A f a u l t  o f  g r e a t e r  consequence was the  im p e r f e c t ly  focussed  o p t i c s  
system of  t h e  i n f r a - r e d  l i n e s c a n n e r .  Although th e  d a t a  from th e  
v i d e o - t a p e  r e c o r d e r  was r e p la y ed  in  A u s t r a l i a  to  check th e  cover  
o f  t h e  a r e a s  flown, i t  v/as no t  u n t i l  en la rg ed  cop ies  were examined 
t h a t  t h e  s e r i o u s  d e g ra d a t io n  of  the  system was a p p r e c i a t e d .  The 
d e g ra d a t io n  i s  c l e a r l y  dem onst ra ted  in  F ig u res  4 ,13  and 4 ,16  
where imagery over Mt, I s a  a t  850 metres  (2 ,600  f t , )  above the  
ground i s  compared with t h a t  over D e rb y sh i re  a t  an a l t i t u d e  of 
1700 m e t res  (5 ,250 f t . )  above t h e  ground. The r e s o l u t i o n  was 
e s t i m a te d  to  have degraded by a f a c t o r  o f  about 5*
2 . 4  Analys is
A na lys i s  of  th e  p ho tog raph ic  imagery was main ly  q u a n t i t a t i v e  w h i l s t  
t h a t  o f  the  l i n e s c a n  was more e a s i l y  performed q u a l i t a t i v e l y  
because  o f  th e  d i s t o r t i o n  due to  th e  c o n s t a n t  an gu la r  v e l o c i t y  o f
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t h e  scann ing  m i r r o r ,  th e  method of r e p l a y  and th e  l a c k  of r e ­
s o l u t i o n .
Two o th e r  p r o j e c t s  a l l i e d  to  Remote Sens ing  were engaged upon 
d u r in g  th e  a n a l y s i s  p e r io d ;  one involved  th e  q u a n t i t a t i v e  a n a l y s i s  
o f  S ky la rk  Rocket imagery over A u s t r a l i a  and Argen t ina  w h i l s t  
t h e  o t h e r  i n v e s t i g a t e d  th e  e f f e c t s  o f  phosphate  d e f i c i e n c i e s  on 
t r e e  growth v ig o u r  in  co n ju n c t io n  with  t h e  F o r e s t r y  Commission,
The q u a n t i t a t i v e  a n a l y s i s  of  th e  imagery formed the  b a s i s  fo r  
«the involvement o f  th e  phys ics  d i s c i p l i n e  w i th  t h e  p r o j e c t  and 
conseq u en t ly  t h e  methods used a re  d e a l t  wi th  in  some d e t a i l  (See 
2 , 5 ,  a l s o  Chapters  6 and 7)•
2 .5  Densitometry
In  o rd e r  t o  e x t r a c t  th e  in fo rm a t io n  co n ten t  from a pho tograph ,  
s e v e r a l  methods such as t e l e v i s i o n  cameras,  Agfa Contour »Equi- 
d e n s i t y  f i lm * ,  f l y i n g  spot s can n e rs  and m ic ro d en s i to m e te r s  can 
be u sed ,  A Joyce Loebl Mk I I I  CS m ic rodens i tom ete r  (1) had been 
chosen on th e  b a s i s  of c o s t  and performance w h i l s t  t h e  ‘f e a s i b i l i t y  
study* n a tu r e  o f  th e  p r o j e c t  j u s t i f i e d  t h i s  r e l a t i v e l y  slow method 
o f  d i g i t i s a t i o n  of  t h e  imagery.
M o d i f i c a t io n s  were made to  t h e  in s t rum en t  which al lowed t h e  s i n g l e  
scan  made a c r o s s  a specimen to  be d i g i t i s e d .  Both th e  d e n s i t y  
r e a d in g  and i t s  p o s i t i o n  on the  specimen were sampled; a l t e r n a t e  
d e n s i t y  and p o s i t i o n  r e a d in g s  were d i g i t i s e d  and s t o r e d  in  a 
400 channel a n a l y s e r  be fo re  be in g  ou tpu t  on paper  t a p e .
F u r t h e r  m o d i f i c a t i o n s ,  c a r r i e d  out by Joyce Loebl L t d . ,  i n  1973 
p e r m i t t e d  t h e  r a s t e r  scann ing  of  spec imens ,  t h e  d e n s i t y  r e a d in g s  
b e in g  d i r e c t l y  punched on to  paper  t a p e ,
2 .6  Sampling c r i t e r i a  and p rocedures
Sampling th e o ry  shows t h a t  f o r  a given s i g n a l  t o  be sampled 
s a t i s f a c t o r i l y  th e  sampl ing  f requency  needs to  be g r e a t e r  than
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o r  equal  t o  tw ice  t h a t  of  the  h ig h e s t  s i g n a l  f r equency ;  t h i s  i s
r e f e r r e d  to  as t h e  Nyquis t  c r i t e r i o n .
In r e l a t i o n  t o  the  scann ing  of pho tographs ,  th e  f requency  concept
i s  r e p l a c e d  by 'one  of  d im ens ions ;  th e  c r i t e r i o n  demanding t h a t
f o r  o b j e c t s  with  a d iam eter  d ,  an a p e r t u r e  with  d iam ete r  D which 
i s  s tep p e d  a c r o s s  t h e  scene c o n t a i n i n g  th e  o b j e c t ,  so t h a t  con­
s e c u t i v e  samples a r e  a d j a c e n t ,  must be such t h a t  D = This
i s  i l l u s t r a t e d  in  F igure  2 .3  to  F igure  2 . 6 .
Thus f o r  a l l  a p e r t u r e s  g r e a t e r  th a n  d th e  ou tpu t  i s  l e s s  th a n  
t h a t  of  the  o b j e c t  as  the  dark o b j e c t  i s  sampled a long  w i th  a 
p o r t i o n  of th e  l i g h t e r  background. For an a p e r t u r e  equal  t o  
d ( 2 , 5 ) t h e r e  i s  a unique p o s i t i o n  when th e  o u tp u t  e q u a l s  t h a t  of  
t h e  o b j e c t .  Since th e  a p e r t u r e  i s  s tep p e d  ac ro ss  th e  scene such 
t h a t  each a r e a  sampled i s  a d j a c e n t  t o  t h e  p ro ceed in g  one ,  th e  
chances of  the  a p e r t u r e  c e n t r e  be in g  a t  t h e  unique p o s i t i o n  a re  
s m a l l .  When th e  a p e r tu r e  i s  o f  d iam eter  d /2  (2 .6 )  i t s  c e n t r e  
need only  f a l l  w i th in  -  d / 4  o f  t h e  c e n t r e  o f  t h e  o b j e c t  f o r  an 
ou tpu t  s i g n a l  equal t o  th e  in p u t  t o  be o b t a i n e d .  But,  as -  d / 4  
i s  equal to  t h e  d i s t a n c e  s tep p ed  between s u c c e s s iv e  samples ,  t h e r e  
must be one ‘t r u e ’ sample and p o s s i b l y  two, should  th e  f i r s t  
sample c e n t r e  be a t  -  d/2*
Although t h e  above d i s c u s s i o n  c o n s id e red  o b j e c t  and a p e r t u r e  
d ia m e te r s  in  one dimension t h e  same agrument can be a p p l i e d  to  
square  a p e r t u r e s  scann ing  a two d im ens ional  image, t h e  d iam e te r  
b e in g  e q u iv a l e n t  to  t h e  len g th  of the  square  a r e a  sampled.
This  c r i t e r i o n  forms a b a s i s  f o r  t h e  sampl ing procedure  o u t l i n e d  
below which s e t s  out th e  manner i n  which a l i n e  on a photograph  
was scanned .
( i )  A l i n e  a c r o s s  th e  frame o f  i n t e r e s t  was chosen .
( i i )  The d ia m e te r  o f  the  s m a l l e s t  f e a t u r e  r é v é l a n t  to
th e  s tu d y  was de termined  and th e  a p e r t u r e  s e t  equal
to  one h a l f  o f  i t ,
( i i i )  The frame was a l ig n ed  so t h a t  t h e  d e s i r e d  l i n e  i s
scanned and a d i s t i n c t i v e  f e a t u r e  was chosen to
mark t h e  s t a r t  o f  t h e  s can ,

















Figures 2.3 to 2.6 Showing the apparent density (D ) of 
an object with diameter d as sampled by an aperature of 
diameter A centered at P. Sampled density shown dotted
-  23 -
( i v )  The r a t i o  arm, c o lo u r  s e p a r a t i o n  f i l t e r ,  d e n s i t y
b i a s e s  and wedges were op t im ised  f o r  th e  s c a n ,
(v) The scene  was scanned and th e  speed o f  th e  t a b l e
a d j u s t e d  u s in g  th e  p o te n t io m e te r  so as to  r e t a i n  
th e  f i n e  d e t a i l  of  t h e  s c a n ,
( v i )  ‘ The sampl ing  r a t e  o f  th e  p u i s e r  was s e t  so t h a t
c o n se c u t iv e  samples were a d j a c e n t  on th e  pho tograph  
( i , e ,  200 scanning  a p e r t u r e  d ia m e te r s  = l e n g t h  of 
, scan  t r a v e l l e d  in  t ime to  d i g i t i s e  200 d e n s i t y
r e a d i n g s ) .
( v i i )  The l i n e  was scanned and th e  d a t a  s t o r e d ,
( v i i i )  The s t o r e d  d a t a  was ouput on t o  paper  t a p e .
( i x )  All  t h e  v a r i a b l e s  a s s o c i a t e d  wi th  th e  system were
measured so as  t o  en ab le  the  scan  to  be c a l i b r a t e d .
(x) The n e x t  co lour  s e p a r a t i o n  f i l t e r  was i n s e r t e d  and
the  p ro c e ss  r e p e a t e d  from s t e p  ( v i i )  a f t e r  changes 
o f  b i a s e s  and wedges e t c . ,  were made.
The procedure  was t ime consuming in  t h a t  i t  took about 2% hours  to  
produce a complete s e t  o f  8 s c a n s ,  i . e .  2 b la c k  and w hi te  f i l m s  
and the  t h r e e  emuls ion l a y e r s  o f  each co lo u r  f i l m .
Each o f  the  e i g h t  scans  was d i f f e r e n t ,  n o t  only  because o f  t h e  
d i f f e r e n t  r e f l e c t a n c e  o f  th e  o b j e c t s  photographed , but a l s o  as 
a  r e s u l t  o f  each of  th e  scans  s t a r t i n g  and f i n i s h i n g  a t  s l i g h t l y  
d i s p l a c e d  p o i n t s  or  t h e  t a b l e  moving a t  a d i f f e r e n t  sp eed ,  
(Although fo r  a given scan th e  speed  was uniform to  w i th in  th e  
r e s o l u t i o n  o f  th e  s y s te m ) .  The p a r t  of  t h e  e i g h t  scans  common 
to  each was found by comparison o f  l i n e p r i n t e r  f a s c i m i l i e s  o f  th e  
d i g i t i s e d  s c a n s ,  th e  f i r s t  and l a s t  p o i n t s  n o te d  in  t h e  form of  
d e n s i t y  r e a d in g  and p o s i t i o n  r e a d i n g  and t h e  s c a n /c a r d  i d e n t i f i e d  
and t h i s  in fo rm a t io n  punched on t o  a s i n g l e  card  f o r  each s ca n .
The d a t a ,  t o g e t h e r  with th e  above mentioned card  and a c a l i b r a t i o n  
c a r d ,  were f e d  in to  th e  computer a long wi th  a programme which
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e x t r a c t e d  the  common sca n s ,  c a l i b r a t e d  them and s t o r e d  th e  r e v i s e d  
d a t a  on magnet ic  t a p e  a long wi th  a p p r o p r i a t e  i d e n t i f i c a t i o n .
The a n a l y s i s  o f  t h e  c a l i b r a t e d  d a t a  formed t h e  bulk  o f  th e  
l a b o r a t o r y  work from J u ly  1970 onwards and i s  d i s c u s s e d  t h e o r ­
e t i c a l l y  in  Chapter 6 w i th  th e  r e s u l t s  p r e s e n te d  in  Chapter 7*
•2,7 References
(1) Supp l ied  by JOYCE LOEBL LTD., TEAM VALLEY, GATESHEAD-ON-TYNE.
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3 THEORETICAL CONSIDERATION OF THE THERMALLY EMITTED INFRA­
RED RADIATION FROM THE TERRAIN
3 . 1  I n t r o d u c t i o n
A fundamental  p r o p e r ty  of  m a t t e r  i s  t h a t  i t  em its  e le c t ro m a g n e t i c  
r a d i a t i o n  with  wavelength  in  t h e  re g io n  o f  0 , 1  t o  50 microns  (jJ-m), 
t h e  i n t e n s i t y  of  t h e  r a d i a t i o n  b e in g  a f u n c t i o n  o f  t h e  a b s o lu t e  
te m p e ra tu re  o f  t h e  m a t t e r .
This  r a d i a t i o n  i s  termed i n f r a - r e d  r a d i a t i o n  and, f o r  a g iven 
body, t h e  t o t a l  amount of  energy r a d i a t e d  pe r  square  metre  was 
r e l a t e d  by S te fa n  t o  i t s  a b s o lu t e  tem p e ra tu re  by t h e  e q u a t io n :
V i - =  c3 T  3 .1
Where: The body i s  a b lack-body
T i s  t h e  a b s o lu t e  t em p e ra tu re  of  th e  body in
<3 i s  S te fa n * s  c o n s ta n t  (S" *4 x \û W. K  ^ ^
Planck showed t h a t  a t  a wavelength  X th e  s p e c t r a l  em i t tan ce  (W^   ^
power r a d i a t e d  per  u n i t  a re a  per  u n i t  wavelength) o f  a b lack  
body could  be d e s c r i b e d  by t h e  e q u a t io n :
/v\.Where: = 3 ' X- x V).
The e m i t te d  r a d i a t i o n  obeys Lambert law, thus  th e  r a d i a n c e  of  
a s u r f a c e  i s  independent  o f  a n g le .
F igu re  3*1 shows W p l o t t e d  a g a i n s t  X f o r  t e m p e ra tu re s  t y p i c a l  
o f  a t e r r e s t i a l  environment .  At a given te m p e ra tu re  t h e  maximum 
amount o f  r a d i a t i o n  occurs  a t  wavelength  ^ m ax ,  which i s  
o b ta in e d  from e q u a t io n  3 .2  and i s  o f  th e  form:
l i n
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FIGURE 3 ,1  SHOWING THE VARIATION OF SPECTRAL RADIANCE WITH WAVELENGTH 





(m crons)a E N G T H ,
Equa t ion  3*3 i s  r e f e r r e d  to  as Wien 's  d isp lacem ent  law.
I t  i s  shown l a t e r  ( s e c t i o n  3*2) t h a t  th e  t em p e ra tu re  o f  a n a t u r a l  
o b j e c t  i s  no t  d i r e c t l y  r e l a t e d  to  i t s  r e f l e c t a n c e  p r o p e r t i e s  and, 
as a consequence,  t h e  in fo rm a t io n  ob ta ined  from '’measur ing” i t s  
e f f e c t i v e  r a d i a n t  tem pera tu re  ( i n d i r e c t l y  by m on i to r ing  t h e  amount 
o f  i n f r a - r e d  r a d i a t i o n  em i t ted  by i t )  can be used f o r  i d e n t i f y i n g  
i t  e i t h e r  d i r e c t l y  o r  in  c o n ju n c t io n  with o b s e r v a t io n s  in  o t h e r  
r e g io n s  o f  th e  e l ec t ro m ag n e t i c  spec trum,
3*1.1  The S o la r  R ad ia t io n  Spectrum
The s p e c t r a l  r a d i a t i o n  d i s t r i b u t i o n  from th e  sun , o u t s id e  t h e  
a tmosphere ,  a t  s ea  l e v e l  and f o r  a b lack  body a t  6,000^K are  
shown in  F igure  3 .2  (1) t o g e t h e r  with  the  a b s o r p t io n  s p e c t r a  o f  
t h e  major c o n s t i t u e n t s  which account  f o r  t h e  t r a n s m is s io n  c h a r a c t e r ­
i s t i c s  of  th e  atmosphere .  F igure  3*3 ( 1 ) .
Comparison of  F ig u res  3.1  a^id 3*3 shows t h a t  up to  3 microns  th e  
amount o f  r e f l e c t e d  s o l a r  r a d i a t i o n  (even from a t e r r e s t i a l  
o b j e c t  with  a r e f l e c t a n c e  c o e f f i c i e n t  o f  10%) w i l l  dominate over 
t h a t  r a d i a t e d  by th e  ground, and as a consequence any r a d i a t i o n  
measurements to  be r e l a t e d  e n t i r e l y  to  th e  tem p e ra tu re  o f  t h e  
t e r r a i n  must be made a t  wavelengths  g r e a t e r  th a n  — 3 .3  m*
The t o t a l  a b so r p t io n  spectrum of  the  atmosphere (F igure  3*3) has
r e s u l t e d  in  two bands,  3 .5  -  5*5 and 8 .0  -  14 ,0  yAjn be ing
commonly employed f o r  i n f r a - r e d  d e v ic e s .  However, th e  v a r i a t i o n  
in  t h e  c o n c e n t r a t i o n  o f  water vapour in  th e  atmosphere  can 
r a d i c a l l y  a f f e c t  th e  t r a n s m is s io n  in  th e  3*5 -  3*5 band 
( see  4 , 2 , 2 ) ,
3 ,2  In f ra -R ed  D e tec to r s
The range  o f  i n f r a - r e d  d e t e c t o r s  commonly a v a i l a b l e ,  t o g e t h e r  with  
t h e i r  s p e c t r a l  d e t e c t i v i t i e s  i s  shown in  F igu re  3 , 4  ( 2 ) ,  Two 
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e r a t e s  most e f f i c i e n t l y  a t  77^ K with a u s e f u l  s p e c t r a l  re sponse  
from 3*0 -  5*5 and, o p e r a t in g  a t  th e  same tem p e ra tu re  but over 
th e  range  8 .0  -  14- Cadmium Mercury T e l l u r i d e  (CdHeTe) • The
b o i l i n g  p o in t  o f  l i q u i d  n i t r o g e n  i s  77^K and i t  i s  a conven ien t  
d e t e c t o r  coo lan t  when used in  a L i d e n f r o s t  l i q u i d  t r a n s f e r  system* 
However, p r e c a u t io n s  need to  be taken  to  p reven t  the  b u b b l in g  
of  c o o la n t  inducing  spur ious  d e t e c t o r  s i g n a l s  by microphonie  e f f e c t s *
3*3 Line Scanning Devices
The c o s t  o f  f a s t - r e a c t i n g  i n f r a - r e d  s e n s i t i v e  d e t e c t o r s  e l i m i n a t e s  
any k ind  of  d i r e c t l y  d i sp la y e d  a i r b o r n e  i n f r a - r e d  sys tem .  Slow- 
speed dev ices  u s in g  a r r a y s  o f  t r i - g l y c i n e  s u lp h a t e  d e t e c t o r s  a t  
room te m p e ra tu re  connected to  ga l l ium  phosphide  lamps p r o v id i n g  
a ’p i c t u r e ’ which can be cycled  a t  a r a t e  o f  30 t imes  per  second
a re  t y p i c a l  of th e  s t a t e - o f - t h e  a r t  ( 3 ) .
C u r r e n t l y ,  a commonly used method i s  fo r  t h e  f i e l d  of view (F*0*V*) 
o f  a s i n g l e  d e t e c t o r  to  be swept l a t e r a l l y  a c r o s s  a scene w h i l s t  
fo rward  movement of th e  s e n s in g  p la t fo rm  r e s u l t s  in  a r a s t e r  type  
scan  b e in g  c rea ted*  The device  i s  r e f e r r e d  to  as a l i n e s c a n n e r  
and an o b j e c t - s p a c e  l in e s c a n n e r  i s  shovm p i c t o r i a l l y  in  F igu re  3*5*
The speed V o f  t h e  s en s in g  p l a t f o r m ,  assumed to  be in  a d i r e c t i o n
p a r a l l e l  to  th e  ground p lane ,  i s  r e l a t e d  to  t h e  an g u la r  v e lo c i ty ^
J T ,  o f  t h e  m i r r o r  and t h e  F*O.V. of  the  d e t e c t o r ,  9 ,  by th e  
req u i rem en t  t h a t  consecu t ive  swathes swept out by t h e  F.O.V. be 
contiguous*
Let t h e  d e t e c t o r  be a d i s t a n c e  H from the  ground plane* Thus 
t h e  d iam e te r  D of  t h e  d e t e c t o r  f i e l d  o f  view on th e  ground i s :
ib -=  u . e
Where t y p i c a l l y  u n i t s  o f  H and D a re  metres  and o f  9  a re  
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Application of Infra Red Detectors 
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For c o n secu t iv e  d e t e c t o r  swathes t o  be con t ig u o u s ,  a f t e r  one 
r e v o l u t i o n  o f  th e  d e t e c t o r  m i r r o r ,  th e  p l a t fo rm  i s  r e q u i r e d  to  
move D m e t re s .  Thus:
. uTL 3 .5
:r_tv
Where V i s  in  m e t r e s / s e c .
i s  in  r a d i a n s / s e c .
'Thus from 3*4 and 3*5
V = W.B.Sl
3.6.%TT
T y p i c a l l y ,  M = 1000 m e t re s ;  9  = 1*5 x lO” ^ r a d i a n s ;
S L  =  100TTr a d i a n s / s e c *  . . V =: 75 m/sec .
The c r o s s - t r a c k  v e l o c i t y  o f  th e  F.O.V, o f  t h e  d e t e c t o r  i s  d e r iv e d
from F i g ,  3.5
I f  t h e  p r o j e c t e d  c e n t r e  o f  t h e  F.O.V. moves from E t o  C in  t ime 
S t ,  where t h e  angle  BAN i s  J i t  r a d i a n s ,  t h e  fo l l o w in g  s t e p s  a re  
e a s i l y  d e r iv e d ;
AB = AN Sec .  ( J i t  )
/. BD = J l . ^ t . A N  Sec ( J i t  )
But ABN = 90° -  J i t  
.% DBG = J i t
Hence CB = BD S ec ,  ( J i t  )  3 . 7
C|_ _ J l H . S e c ^  ( J i t  )
OR i s  t h e  c ros s  t r a c k  v e l o c i t y  o f  th e  F.O.V, o f  th e  d e t e c t o r  on 
t h e  ground p lane  and i t s  n o n - l i n e a r  v a r i a t i o n  wi th  t ime causes  
c o n s i d e r a b l e  d i s t o r t i o n  with  t h e  conven t iona l  image r e c o n s t r u c t i o n  
systems*
The r e l a t i o n s h i p  between V and H i s  u s u a l l y  f i x e d  f o r  a g iven  
l i n e s c a n n e r  but lower a l t i t u d e s  can be flown u s in g  m u l t i ­
f a c e t t e d  m i r ro r s  or m u l t i —bank d e t e c t o r  a r r a y s .
The o p e r a t i o n  of  l i n e s c a n n e r s  i s  no t  r e s t r i c t e d  to  th e  the rmal  
i n f r a - r e d  spectrum and m u l t i - s p e c t r a l  d ev ice s  scann ing  s im u l ­
ta n e o u s ly  in  12 wavebands a r e  a l r e a d y  in  o p e r a t i o n  ( 4 ) .
3 . 3 .1  R e s t r i c t i o n s  on th e  Scanner  P la t fo rm
Equat ion  3*6 dem ons t ra ted  th e  r e l a t i o n s h i p  between V and H which 
i s  r e q u i r e d  f o r  con t iguous  s c a n n in g .  Consequently  any v a r i a t i o n  
in  V, II, 0 or  J t  can produce d i s t o r t i o n s  in  th e  system. 0  i s  
 ^a c o n s t a n t  f o r  a g iven  d e t e c t o r  but a l though  «A may be c o n s ta n t  
in  t h e  a i r c r a f t  r e f e r e n c e  frame, a i r c r a f t  r o l l  w i l l  e f f e c t i v e l y  
a l t e r  XL in t h e  ground p lane  and consequen t ly  d i s t o r t  t h e  s c a n s .  
S i m i l a r l y  changes in  a i r c r a f t  p i t c h  w i l l  a l t e r  V and H in  th e  
ground p lane  w h i l s t  a i r c r a f t  yaw w i l l  a l so  d i s t o r t  t h e  image.
The e f f e c t  o f  a i r c r a f t  yaw i s  di own in  Chapter 4 .
These e f f e c t s  can be overcome to  some e x te n t  by s t a b i l i s i n g  th e  
scann ing  p la t fo rm  in  th e  p i t c h  and r o l l  axes w h i l s t  yaw and forward 
speed changes a re  c o r r e c t e d  f o r  on r e p l a y  ( s e e  3«5) by means o f  
rec o rd ed  i n - f l i g h t  d a t a .
3 . 3 .2  The E f f e c t s  o f  R e s t r i c t i n g  th e  Waveband Sensed by th e  
D e te c to r
The s p e c t r a l  em i t tan ce  a t  a wavelength  X was given by e q u a t io n
4 .2  a s :
Vs/\ = C t ____X 4 .2
However, a l though  t h e  t o t a l  r a d i a t e d  energy p e r  u n i t  a r e a  i s  
r e l a t e d  t o  th e  t em p e ra tu re  o f  t h e  body (assumed t o  be b lack)  
by:
W = 4.1
t h e  r e l a t i o n s h i p  does no t  hold  when a narrow waveband i s  s en se d .
— 3
Numerical  i n t e g r a t i o n  of  4 .2  over  t h r e e  p a r t i c u l a r  wavebands 
¥g e n ab le s  t h e  t h e o r e t i c a l  exponents  o f  T, (X) , t o  be de termined  
and ¥g to  be exp re ssed  as «=1 'T" ^
3 .5  -  4 .5  4 .5  -  5 .5  8 -  14 pm
X:  ^ 10 .2  9 .7  4 .7
F u r t h e r  m o d i f i c a t i o n s  a re  r e q u i r e d  to  c o r r e c t  f o r  the  n o n - l i n e a r  
d e t e c t o r  s p e c t r a l  r e sp o n se  ( see  F igu re  3 .4 )  and th e  v a r i a t i o n  o f  
e m i s s i v i t y  wi th  wavelength  fo r  t h e  t a r g e t  be in g  sensed  ( e . g .
F ig u re  3 .7  ( 6 ) ) .  The l a t t e r  e f f e c t s  can on ly  be compensated f o r  
i f  t h e  t a r g e t  composi t ion  i s  known w h i l s t  t h e  d e t e c t o r  r e sponse  
was found t o  be o f  c o n s id e ra b ly  l e s s  s i g n i f i c a n c e  than  t h a t  caused 
by r e s t r i c t i n g  th e  waveband s e n s e d .  Use o f  t h e  v a r i a t i o n  of  
e m i s s i v i t y  with  waveband has been e x p l o i t e d  by r a t i o i n g  th e  
d e t e c t o r  ou tpu t  from two d i f f e r e n t  i n f r a - r e d  wavebands and i t  
appears  t h a t  b a s i c  rock ty p e s  can be c l a s s i f i e d  ( 7 ) .
3 . 4  C a l i b r a t i o n  o f  L inescanners
In  g e n e r a l ,  m u l t i - s p e c t r a l  s ca n n e r s  r e q u i r e  a t  l e a s t  t h r e e  c a l ­
i b r a t i o n  i n p u t s .  One, a p p l i c a b l e  only  t o  s e n s o r s  o p e r a t i n g  below 
3 p-m i s  th e  s o l a r  r a d i a t i o n  a t  t h e  a l t i t u d e  of  t h e  s en so r  which , 
g iv e s  an e s t i m a te  o f  the  r a d i a t i o n  i n c i d e n t  on th e  scene be ing  
scanned .  The two o t h e r  i n p u t s  a r e  r e f e r e n c e  s o u r c e s ,  r e p r e s e n t i n g  
th e  extremes  of  t h e  r a d i a t i o n  l e v e l s  to  be d e t e c t e d .  The sou rces  
may be i n c o r p o r a t e d  i n to  th e  l i n e s c a n n e r  ( e . g .  two *black-bodies* 
f o r  I . R .  or  in can d escen t  sou rces  fo r  v i s i b l e  senso rs )  but i f  t h i s  
i s  no t  p o s s i b l e  th e n  ground p lan e  r e f e r e n c e s  need to  be u sed .  
I n t e r n a l  r e f e r e n c e s  a re  u s u a l l y  sensed  when t h e  d e t e c t o r  i s  look ing  
away from th e  ground p l a n e .
3 .5  S ig n a l  Recording , P r o ce s s in g  and Replay
The s i g n a l s  from th e  d e t e c t o r  a r e  a f u n c t i o n  o f  th e  scene  r ad ian ce  
and a r e  normal ly  rec o rd ed  on f i l m  (see  3*0) o r  on to  a video t a p e -
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r e c o r d e r  in  FM form which accommodates a c o n s id e ra b ly  g r e a t e r  
dynamic range of  s i g n a l s  ( 40dB). The re c o rd e d  video  s i g n a l
i s  th en  a v a i l a b l e  f o r  r e p l a y i n g ,  d i g i t i s a t i o n  e t c ,  a t  a l a t e r  
d a t e .  Whichever form of r e c o r d in g  i s  used,  ve ry  l i t t l e  p r e ­
p r o c e s s in g  o f  the  s i g n a l s  i s  c a r r i e d  out except  f o r  t h e  method 
o f  c oup l ing  s i g n a l s  to  the  r e c o r d in g  media where A.C. or  D.C. 
modes may be chosen .  The b e n e f i t  o f  A.C. co u p l in g  i s  t o  enab le  
long  term r a d ia n c e  v a r i a t i o n s  -  l a s t i n g  th e  o rd e r  o f  t e n t h s  of  
seconds -  t o  be smoothed o u t ,  w h i l s t  r e t a i n i n g  th e  f u l l  dynamic 
range of  th e  r e c o r d in g  medium f o r  s h o r t  te rm changes .  A t y p i c a l  
example would be a f l i g h t  over  s ea  and th e n  l a n d ,  both o b j e c t s  
having a l a r g e  t em p e ra tu re  d i f f e r e n c e  between them- but of  more 
d i r e c t  i n t e r e s t  i s  th e  t e m p e ra tu re  d i f f e r e n c e s  w i th in  t h e  s e a ­
scape  and w i th in  th e  l a n d sc a p e .  A.C. c oup l ing  e f f e c t i v e l y  al lows 
each t a r g e t  t o  occupy th e  f u l l  dynamic range  o f  th e  r e c o r d i n g  
medium d e s p i t e  t h e  l a r g e  d i f f e r e n c e  in  t e m p e ra tu re  between them.
In  many cases  A.C. coup l ing  s a t i s f i e s  th e  r e s e a r c h e r s '  needs ;  
however, i t  does n o t  permit  r e l a t i v e  comparison or  a b s o lu t e  
d e te r m in a t io n  of  t e m p e r a t u r e s / e m i t t a n c e  a long  th e  f l i g h t  l i n e .
D.C. coup l ing  p e rm i t s  t h e  system t o  be c a l i b r a t e d  but a t  t h e  same 
time r e s t r i c t s  the  s e n s i t i v i t y  o f  th e  system, and makes i t  h ig h ly  
s u s c e p ta b l e  t o  f l u c t u a t i o n s  (n o i s e )  in  t h e  a i r c r a f t  e l e c t r i c a l  
sys tem,
3 .6  Film Recording/Replay
Film medium i s  used bo th  as a r e c o r d in g  medium and in  t h e  case  o f  
v ideo  rec o rd ed  s i g n a l s ,  f o r  d i s p l a y i n g  t h e  re p la y ed  in fo r m a t io n .
In  bo th  cases  th e  system used ( see  F i g .  3*6) i s  i d e n t i c a l  and 
i m i t a t e s  in  r e v e r s e  th e  o r i g i n a l  scann ing  p ro ced u re .
The s i g n a l  modula tes  th e  i n t e n s i t y  o f  an o s c i l l o s c o p e  spo t  be ing  
swept a c r o s s  th e  sc ree n  (F ig  3*6) • The fo cu ssed  image o f  th e  spot 
i s  re c o rd ed  on s lowly  moving f i l m .  The width o f  th e  f i l m  W (cm s . ) ,  
f i l m  speed U ( e r a s . / s e c . ) ,  a i r c r a f t  speed V ( m e t r e s / s e c . )  and 
amount of  'ground* rep lay ed  S (metres)  a re  r e l a t e d  by 3*3:
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FIGURE 3 .6  SHOWING THE FILM REPLAY SYSTEM USED
IN CONJUNCTION WITH THE INFRA-RED LINE-SCANNER.
C.R.T. WITH INTENSITY 





FILM DRAWN VERTICALLY 
AT A CONSTANT RATE 
TO SIMULATE THE 
SCALED AIRCRAFT MOTION.
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1  =  1  3 . 8  
V s
Thus f o r  a t y p i c a l  f l i g h t  a t  8 ,000  metres  w i th  forward v e l o c i t y  
400 m/sec r e p l a y i n g  i  45° from t h e  n a d i r  on to  f i l m  (24mm
u s e f u l  w i d t h ) :
U = 0 .12  c m s . / s e c .
The sweep speed o f  th e  spo t  a c r o s s  th e  o s c i l l o s c o p e  i s  u s u a l l y  
c o n s t a n t  bu t  t h i s  r e s u l t s  in  s e v e re  d i s t o r t i o n s  o f  th e  scan  due 
t o  i t s  n o n - l i n e a r  r e c o r d in g  (see  equa t ion  3«7) a l though  a matched 
sweep can be c o n s t r u c t e d .
The l i m i t i n g  f a c t o r  in  r e p l a y  systems i s  t h e  spo t  s i z e .  From th e  
p a ram e te r s  of u sab le  f i l m  width  W, s p a t i a l  r e s o l u t i o n  o f  th e  
d e t e c t o r  8 , and t o t a l  scan ang le  from n a d i r  used f o r  r e p l a y ,
th e  d e s i r e d  spo t  s i z e  can be d e r i v e d .
For a u s e f u l  scan angle  of  -  <X. r a d i a n s  from th e  n a d i r ,  t h e  number 
o f  p i c t u r e  e lements  i s :
Consequent ly  both  th e  C.R.T and t h e  f i lm  must be capable  o f  r e ­
s o l v i n g  a t  l e a s t  tw ice  t h i s  number. Typ ica l  v a lu e s  f o r  a 10 cms. 
l a b o r a t o r y  o s c i l l o s c o p e  imply a 0.05mm s p o t .  Consequent ly  
t e l e v i s i o n - t y p e  ca thode  ra y  tu b e s  a re  p r e f e r r e d  where t h e  e f f e c t i v e  
spo t  s i z e  i s  s m a l l e r .
S i m i l a r  c o n s i d e r a t i o n s  show t h a t  f o r  35mm f i l m  with  a u sea b le  
emuls ion width o f  24mm, th e  r e q u i r e d  r e s o l v i n g  power i s  80 l ines/mm 
( c . f .  75 l ines/mm f o r  low c o n t r a s t  t a r g e t s  wi th  I l f o r d  FP 3) .
Commercial r e p l a y  systems a re  a v a i l a b l e  which draw th e  f i lm  
e i t h e r  a c r o s s  t h e  ca thode ray  tube  or  over a l i n e  o f  f i b r e  o p t i c  
l i g h t  guides  l in k e d  to  t h e  tu b e  ( 5 ) .  However t h e  r e s o l u t i o n  of  
such systems i s  below t h a t  shown t o  be n e c e s s a r y .
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3*7 System Performance Parameters
The system d i s c u s s e d  below was s u p p l i e d  on h i r e  from E .M .I .
The b a s i c  pa ram ete rs  of  th e  EMI , 'Airscan* system a r e :
C o l l e c t i o n  Aper tu re :  100mm d iam e te r
Scanner  Rate:  3*000 r e v s /m in .  ( f i x e d )
Maximum u s e f u l  c r o s s - t r a c k  sweep: -  70° from th e  n a d i r
D e t e c t o r :  Indium Antimonide a t  77°%* S e n s i t i v i t y  maximum in
3*5 -  5*5 waveband.
Recording  medium: Sony Video t a p e - r e c o r d e r
Table  3*1 shows the  r e l a t i o n s h i p  between th e  d e t e c t o r  element
s i z e  and th e  an g u la r  and thermal  r e s o l u t i o n .
A s p a t i a l  r e s o l u t i o n  o f  1 .3  m i l l i - r a d i a n s  w i th  a 0.2mm sq .  element 
i s  on ly  ob ta in ed  under optimum c o n d i t i o n s  and f o r  c a l i b r a t i o n  
pu rposes  th e  m anufac tu re r s  recommend 1 .5  m i l l i - r a d i a n s .
The a i r c r a f t  used f o r  t h e  s tu d y ,  a Dakota ,  was t y p i c a l  of  survey 
a i r c r a f t  be ing  ab le  t o  c r u i s e  under s t a b l e  c o n d i t i o n s  a t  45 m e t r e s /
s e c .  and o v e r .  Consequently ,  th e  minimum a l t i t u d e  f o r  s a t i s f a c t o r y
l i n e  scann ing  i s  600 metres  ( d e r iv e d  from eq u a t io n  3*6) .
The d a t a  r a t e  i s  r e l a t e d  t o  t h e  an g u la r  r e s o l u t i o n  o f  th e  d e t e c t o r  
( 9 )  and t o  th e  a n g u la r  v e l o c i t y  of  th e  m i r r o r  . Each
m i r r o r  r e v o l u t i o n  t h e  3_ir r a d i a n s  a re  e q u iv a l e n t  to  )
d i s t i n c t ,  r e l e v a n t  samples .  Each m i r ro r  r e v o l u t i o n  t a k e s  ( ^ V / i  ) 
seconds  -  where S i  i s  in  r a d i a n s / s e c .  and th e  d a t a  r a t e ,  D 
( V\j) i s  given by 3*12.
^  3*12
The v a lu e s  o f  and G f o r  t h e  EMI system were 100 .‘n r  r a d i a n s /
s e c .  and 1.5  x 10~^ r a d i a n s  r e s p e c t i v e l y  and hence:
l b  ^  % o o
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iTABLE 3*1 D e te c to r  C h a r a c t e r i s t i c s  f o r  EMI *Airscan* System
Element S iz e  Angular R es o lu t io n  Thermal R es o lu t io n
(mm. s q . )  (M i l l i - R a d ia n s )  (°C)
0 . 2  1 .3  0 .2
0 . 5  3 .3  0 .075
1 .0  6 .7  0.021
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Thus in  o rd e r  to  r e c o r d  f a i t h f u l l y  th e  d e t e c t o r  o u tp u t ,  sampling  
th e o r y  r e q u i r e s  a bandwidth of  a t  l e a s t  f^OO KH^ , a f i g u r e  w i th in  
th e  performance envelope  o f  v ideo  t a p e - r e c o r d e r s .
The u s e f u l  p i c t u r e  r e s o l u t i o n  of  th e  system i s  quoted by EMI 
as b e in g  500 p i c t u r e  p o i n t s ,  as opposed to  a v a lu e  o f  1 ,000 when 
d e r iv e d  from eq ua t ion  3*10. This  lack  of  r e s o l u t i o n  i s  p robab ly  
due t o  th e  cathode r a y  tube  spo t  s i z e  be ing  too  l a r g e  even though 
a 21 inch  tube  was used .
The re sponse  of  th e  ’r e p l a y  equipment in  te rms o f  t h e  r e l a t i o n ­
s h ip  between v ideo  r e c o r d e r  ou tpu t  and d e n s i t y  on th e  p ro cessed  
r e c o r d i n g  f i lm  was no t  given bu t  was measured from s tepped  inpu t  
v o l t a g e s  fed  to  th e  ca thode ra y  tube  p r i o r  to  each t a p e  r e p l a y .  
Such a s t e p  had to  be t ak en  as both  d u r in g  r e c o r d in g  and r e p l a y  
of t h e  "v ideo"  d a ta  th e  gain  and b i a s  o f  t h e  d e t e c t o r  s i g n a l  
a m p l i f i e r  c i r c u i t s  were a d ju s t e d  so as t o  o p t im ise  th e  r e c o r d e r  
bandwidth .  In  a l l  c ases  th e  r e c o r d in g  s e t t i n g s  were logged .
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4  INFRA-RED RADIATION FROM TERRESTIAL OBJECTS WITH REFERENCE
TO THE 4 .5  -  5.5/^*^ band OF WAVELENGTHS
4 .1  I n t r o d u c t i o n
I t  was shown e a r l i e r  (S ec t ion  5 .1 )  t h a t  in  o rd e r  t o  reduce  th e  
e f f e c t s  of  r e f l e c t e d  s o l a r  r a d i a t i o n  to  a n é g l i g e a b l e  l e v e l ,  t h e  
s e n s i t i v i t y  o f  th e  d e t e c t o r  must be r e s t r i c t e d  to  wavelengths  
lo n g e r  th an  3*5 The EMI A irscan  equipment used in  th e  Aus­
t r a l i a n  s tudy  was t h e r e f o r e  f i t t e d  wi th  a 4 .5  -  band­
pass  f i l t e r  Type ITT, E 586IF and i t  was proposed to  r e s t r i c t  t h e  
t ime o f  l i n e - s c a n n e r  o p e ra t io n  t o  pre-dawn.  A d e p a r tu re  from t h i s  
proposed  s ch e d u l in g  r e s u l t e d  from l o g i s t i c s  d i f f i c u l t i e s  d e a l t  
wi th  in  S e c t io n  2.3#
Measurements made a t  a d i s t a n c e  o f  t h e  r a d i a t i o n  em i t ted  from 
th e  s u r f a c e  o f  t h e  e a r th  cannot be e n t i r e l y  p r e c i s e  and unambiguous 
because  o f  th e  e f f e c t s  o f  s o l a r  r a d i a t i o n  and o f  th e  atmosphere 
between t h e  e a r t h  and th e  d e t e c t o r .  O bse rva t ions  made a t  wave­
l e n g t h s  between 4 .5  and 5 * 5 ar e  no t  d i r e c t l y  in f lu e n c e d  by 
s o l a r  r a d i a t i o n  whether i t  be r e f l e c t e d  by th e  ground o r  s c a t t e r e d  
by t h e  atmosphere w i th in  th e  f i e l d  o f  view (F .O.V.)  o f  t h e  d e t e c t o r .  
However, th e  s u r f a c e  tem pera tu re  o f  t h e  e a r t h  i s  a f u n c t i o n  of  
t h e  s o l a r  r a d i a t i o n  r e a ch in g  th e  ground and in  a r e a s  w i th  r e l a t i v e l y  
l i t t l e  c loud c ove r ,  th e  t em pera tu re  o f  t h e  ground dominates  th e  
hea t  exchange between th e  sun and th e  environment .
The s u r f a c e  t em p e ra tu re  o f  t h e  e a r t h  i s  a f u n c t i o n  o f  pa ram ete rs  
such as e m i s s i v i t y ,  a lbedo ,  e t c . ,  bu t in  some case s  s u b - s u r f a c e  
e f f e c t s  m a n i f e s t  themselves  as thermal  anomal ies  a t  t h e  s u r f a c e .
(The terra anomaly i s  used t o  imply an e f f e c t  which,  a l though  
e v id e n t  as a t e m p e ra tu re  d i f f e r e n t  from t h e  su r ro u n d in g s ,  was 
no t  a n t i c i p a t e d  from o b s e r v a t io n s  u s ing  d i f f e r e n t  s en s o r s  such 
as co n v en t io n a l  a e r i a l  pho tography .)  Thermal anomal ies a r e  by 
d e f i n i t i o n  a consequence of  hea t  f lows ,  t h e  magnitude and d e t e c t ­
a b i l i t y  o f  which have been s t u d i e d  by Haze (1) who h y p o th e s i se d
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two q u a n t i t i e s  d e s c r ib e d  below to  i n d i c a t e  th e  magnitude o f  hea t  
f lows r e q u i r e d  f o r  d e t e c t i o n  a t  t h e  s u r f a c e  as thermal anomal ies .
These were:
( i )  The dep th (S )  o f  p e n e t r a t i o n  o f  d i u r n a l  tem pera tu re  
v a r i a t i o n s .
i
( i i )  The magnitude  (M) of t h e  average  s o l a r  hea t  f low 
a t  dep th  S .
T y p ica l  v a lu e s  of  S and M a re  80 cms and 240 yuv c a l .  cm~^ s e c , ”"  ^
r e s p e c t i v e l y .
S u r fa ce  h e a t  f lows l e s s  than  M a re  c o n s id e re d  too  sm al l  t o  be 
d e t e c t a b l e  as d i u r n a l  changes w i l l  e a s i l y  mask them.
The maximum s o l a r  energy absorbed  by th e  s u r f a c e  o f  t h e  e a r t h  i s  
o f  th e  o rd e r  o f  2 ,000 ^  c a l .  cm s e c . "  and s u r f a c e  hea t  f lows 
between M and t h i s  f i g u r e  a r e  capab le  of  d e t e c t i o n  under fav o u rab le  
s i t u a t i o n s  -  such as a t  n i g h t  w i th  a r e l a t i v e l y  uniform t e r r a i n .
S u b - su r f a c e  h e a t  f lows  g r e a t e r  th a n  2,000 c a l .  cm. ^ s e c .   ^
r e p r e s e n t  e f f e c t s  such as f i r e s  in  coa l  t u n n e l s ,  geyse rs  and 
vo lcan o es  and t h e  causes  a re  g e n e r a l l y  s e l f - e v i d e n t  from con­
v e n t i o n a l  pho tography .
The i m p l i c a t i o n  o f  t h e  h e a t  f lows d i s c u s s e d  above i s  t h a t  e f f e c t s  
such as  o x i d i s i n g  o re  b o d ie s ,  underground p i p e l i n e s  (where th e  
t r a n s p o r t e d  l i q u i d  i s  a t  a t e m p e ra tu re  d i f f e r e n t  from t h a t  o f  th e  
su r ro u n d in g s )  and o t h e r  s u b - s u r f a c e  n a t u r a l  phenomena which have 
the rm a l  anomal ies  a s s o c i a t e d  wi th  them, a re  u n d e te c t a b l e  due to  
th e  h e a t i n g  e f f e c t s  o f  s o l a r  r a d i a t i o n
4 . 2  The E f f e c t s  o f  the  Atmosphere on t h e  D e tec ted  S ig n a l
The f a c t o r s  i n f l u e n c i n g  the  s i g n a l  a t  t h e  d e t e c t o r  a r e  d i s c u s s e d  
in  c o n ju n c t io n  wi th  F igure  4 . 1 ,
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Figure 4.1
Factors inflencing the signal sensed by the detector,
4
S Sun
1 R e f l e c t e d  S o la r  R ad ia t ion  
3 R e-em i t ted  S o la r  R ad ia t io n
5 Conduction by Winds 
7 F.O.V. o f  D e te c to r
D D etec to r
2 S c a t t e r e d  S o la r  R ad ia t io n  
4 Geothermal R ad ia t io n  
6 Atmospheric Absorption
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4 , 2 , 1  S c a t t e r i n g  o f  In f ra -R e d  R ad ia t io n  by Atmospheric P a r t i c l e s
The dimensions  o f  a tmospher ic  p a r t i c l e s  range from lO” ^
•2
d i v i d u a l  molecu les )  t o  10“^ ( m e te o r i t e s )  and th e  dimensions
de te rm ine  the  magnitude and form o f  th e  s c a t t e r i n g .  Of p a r t i c u l a r
i n t e r e s t  a re  fog ,  r a i n  and m is t  p a r t i c l e s  wi th  dimensions  ^  5/-^^
•*2smoke p a r t i c l e s  i n  th e  range  1-10~ / jlwv and heavy i n d u s t r i a l  
p o l l u t a n t s  1-3  Haze, in  d ry  r e g io n s  remote from l a r g e  a reas
of  w a te r ,  c o n s i s t s  of p a r t i c l e s  o f  th e  o rd e r  0 .0 4  -  1 .0  in
d ia m e te r  ( 2 ) .
S c a t t e r i n g  o f  r a d i a t i o n  between ground l e v e l  and 3 ,000 m etres  i s  
o f  t h r e e  forms:
( i )  Resonant
( i i )  Ray le igh
( i i i )  Mie
Resonant  s c a t t e r i n g  occurs  when th e  wavelength  o f  th e  i n c i d e n t  
r a d i a t i o n  approaches  t h a t  o f  one of  th e  a b s o r p t io n  l i n e s  a s so c ­
i a t e d  with  t h e  a tm ospher ic  p a r t i c l e  o r  a e r o s o l .  The i n c i d e n t  
r a d i a t i o n  i s  absorbed  as th e  p a r t i c l e  i s  r a i s e d  t o  a s h o r t  l i f e ­
t ime e x c i t e d  s t a t e ,  and then  r e - e m i t t e d  on i t s  decay .  The
s c a t t e r i n g  c r o s s - s e c t i o n  o f  r a d i a t i o n  a t  t h e  r e so n an t  wavelength (s)
i s  t h u s  s h a r p ly  i n c r e a s e d .  However, t h e  width o f  th e  a b so r p t io n
l i n e s  i s  smal l  compared with  t h e  1 waveband used in  t h e  s tudy
and t h e i r  e f f e c t s  a r e  n é g l i g e a b l e ,  (Absorp t ion  l i n e s  a r e  e x p lo i t e d  
by examining th e  b a c k s c a t t e r  from tu n a b le  l a s e r s ,  but such work 
i s  o u t s i d e  th e  p r e s e n t  l i n e  o f  r e s e a r c h . )
R ayle igh  s c a t t e r i n g  o f  r a d i a t i o n  occurs  when th e  wavelength of  
t h e  i n c i d e n t  r a d i a t i o n  ( A )  i s  much g r e a t e r  th a n  th e  d iam e te r  
(d) o f  th e  i n d i v i d u a l  s c a t t e r i n g  p a r t i c l e s ,  e , g ,  A 4  ^  . The 
magnitude  o f  t h e  s c a t t e r i n g  i s  p r o p o r t i o n a l  t o  ( ) ^  and th e
s c a t t e r i n g  c o e f f i c i e n t  p e r  u n i t  l e n g th  a t  wavelength  i s
g iven by:
^  = 3%-rr3
3  4.1
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where; n ^ i s  t h e  r e f r a c t i v e  index  of  th e  p a r t i c l e  a t  wavelength  X 
N i s  t h e  number o f  p a r t i c l e s  pe r  u n i t  volume
Values  o f  f o r  Rayle igh  s c a t t e r i n g  a long  a v e r t i c a l  pa th  
th ro u g h  th e  atmosphere a re  given in  Table 4 .1  ( 3 ) ,  t o g e t h e r  with
th e  f r a c t i o n  o f  energy r e c e iv e d  a t  ground l e v e l  w i th  r e s p e c t  
t o  t h a t  a t  t h e  top  o f  th e  a tmosphere .
TABLE 4 .1
Wavelength (
0 .3 0 52 X 10"G 0.295
0 .6 0 8 .6  X lO”^ 0.933
0 .90 1 .7  X 10~G 0 .98?
4 .00 4 . 2  X lO ' lO 1.000
Thus th e  s h o r t e r ,  v i s i b l e ,  wavelengths  a re  p r e f e r e n t i a l l y  s c a t t e r e d  
and t h e  s c a t t e r i n g  of  i n f r a - r e d  r a d i a t i o n  in  t h e  4 ,5  t o  5*5 
waveband i s  ve ry  s m a l l .  Smal le r  in  f a c t  th an  th e  b lack-body 
r a d i a t i o n  a s s o c i a t e d  with the  e a r t h  or  c louds  (4) .
S c a t t e r i n g  of  r a d i a t i o n  wi th  wavelength  X when the  r a d i u s  of  
th e  p a r t i c l e s ,  r ,  i s  of th e  o rd e r  of  X e . g .  0*1 X 
i s  d e s c r ib e d  by Mie t h e o r y .
Thus t h e  4 .5  -  5 .5  waveband i s  p a r t i c u l a r l y  s u s c e p t i b l e  to  
p a r t i c l e s  with  d iam e te r s  from 0 .5  to  150 such as heavy 
p o l l u t a n t s ,  smoke, weather p a r t i c l e s  and s t r o n g  haze .  P a r t l y  
due t o  t h i s  t h e  a r e a  o f  Western Queensland was chosen because 
o f  t h e  absence o r  n e a r  minimal e f f e c t s  o f  such s c a t t e r i n g  as a 
consequence  o f  the  good weather and sp a r se  i n d u s t r y  w i th in  th e  
r e g i o n .
4 . 2 . 2  Absorpt ion  o f  In f ra -R ed  R ad ia t ion  by th e  Atmosphere
The a b s o r p t io n  s p e c t r a  in  F igure  3 .3  i n d i c a t e  t h e  molecules  
which c o n t r i b u t e  most to  t h e  a t t e n u a t i o n  o f  r a d i a t i o n  in  th e
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4*5 — 5*5 waveband* Table 4 ,2  (5) d e . t a i l s  t h e  c h a r a c t e r i s t i c s  
o f  t h e  a b s o r p t io n  bands,  w h i l s t  in  Table  4*3 th e  pe rcen tag e  t r a n s ­
m is s ion  th rough  water vapour fo r  a s e l e c t i o n  o f  wavebands i s  g iven ,
TABLE 4 ,2  Atmospheric c o n s t i t u e n t s  and t h e i r  a b so r p t io n
c h a r a c t e r i s t i c s __________________________________
C o n s t i t u e n t  Band Centre  Mean C on cen t ra t io n  Width of band
( . (by volume) ( ;a/vv)
CO 4 .8  2 X 10~5 % 0 ,25
NgO 4 .6  4 X 10~5 % 0 .33
HgO 6 ,3  V a r ia b le  below lOKra 3*0
TABLE 4 .3  Transm iss ion  th rough  an atmosphere  c o n t a i n in g  1cm. 
o f  p r e c i p i t a b l e  H^ O in  pa th  (6)______ ______
Band % T ransmiss ion  (Path  l e n g th  ^\^vn.)
0 .7 2  -  0 .9 4  0.91
0 . 9 4  -  1.13 0 .89
2 .70  -  4 .30  0 .58
4 .30  -  6 .00 0 .31
The f l u c t u a t i o n  in  th e  c o n c e n t r a t i o n  o f  water  m o lecu les ,  carbon 
d io x id e  and t h e  magnitude o f  th e  r e s u l t i n g  changes in  a b so r p t io n  
a re  shown in  F ig u re s  4.2.1 and 4.2.2 ( 7 ) ,  Of p a r t i c u l a r  importance 
i s  th e  e f f e c t  which changing water vapour c o n te n t  ( r e l a t i v e  
humid i ty )  has on th e  a b so r p t io n  in  view o f  th e  t e r r a i n  in  Western 
Queensland which was s e m i -a r id  but  with heavy v e g e t a t i o n  n e a r  to  
t h e  r i v e r s .  This r e s u l t e d  in  h ig h ly  v a r i a b l e  h u m id i t i e s  both  
wi th  g e o g ra p h ica l  l o c a t i o n  and t ime o f  day.
4 , 3  Absorpt ion  and R e f l e c t i o n  o f  S o la r  R a d ia t io n  by th e  T e r r a in
The i n t e n s i t y  o f  t h e  i n f r a - r e d  r a d i a t i o n  e m i t t e d  from t h e  s u r f a c e  
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most o f  th e  h e a t i n g  o f  t h e  s u r f a c e  i s  due. t o  t h e  a b so r p t io n  of  
s o l a r  r a d i a t i o n  in  th e  v i s i b l e  and i n f r a - r e d  wavelengths  up to  
3*5 • A major f a c t o r  a f f e c t i n g  th e  a b s o r p t io n  of  r a d i a t i o n
i s  th e  a lbedo o f  th e  t e r r a i n ,  th e  albedo be in g  d e f in e d  as t h e  
r a t i o  o f  th e  t o t a l  amount o f  r a d i a t i o n  r e f l e c t e d ,  bo th  s p e c u l a r l y  
and d i f f u s e l y ,  by a s u r f a c e  to  t h a t  in c id e n t  upon i t .
Examination o f  F igu re  3*3 r e v e a l s  t h a t  th e  maximum i n t e n s i t y  o f  
s o l a r  r a d i a t i o n  r e a c h in g  ground l e v e l  i s  in  th e  v i s i b l e  and n e a r  
i n f r a - r e d  wavebands and hence th e  a lbedo used f o r  c a l c u l a t i n g  th e  
energy  absorbed by th e  e a r t h  must r e f e r  t o  t h e s e  wavebands.
Table  4 . 4  g ives  th e  pe rcen tage  r e f l e c t a n c e  and wavelength of 
peak r e f l e c t a n c e  f o r  r e p r e s e n t a t i v e  s o i l ,  rock  and v e g e t a t i o n  
samples  but  i t  was not made c l e a r  from th e  d a t a  (8) whether th e  
a lbedo  was c a l c u l a t e d  with  r e s p e c t  t o  th e  s o l a r  spectrum or  n o t .
TABLE 4 . 4  Pe rcen tage  r e f l e c t a n c e s  and wavelengths  of  Peak 
R e f le c ta n c e  fo r  t e r r e s t i a l  s u r f a c e s  ( 8 ) . ________
Wavelength ( .
S u r fa c e  % R e f l ec ta n ce  o f  Peak R e f lec ta n ce
Water 3 - 1 0 0 .4 8
Snow 70 -  86 0 ,4 8
Limestone 63 0 .58
Calca reous  rocks 30 0 .58
G r a n i t e 12
Sand 18 -  31 0 .56
Lush g r a s s 1 5 - 2 5 0 .57
Dry g ra s s 3 - 8 0 .576
F ie ld  crops 7 - 1 5 , 0 .586
Ploughed f i e l d 20 -  25
Deciduous f o r e s t 10 -  15 0 .572 -  0 .586
Conife rous  f o r e s t 3 -  10 0 .574  -  0 .576
Rich s o i l 7 .5  -  20 . 0 .583
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The mechanisms which b r in g  about d i f f e r e n c e s  in  r e f l e c t a n c e s  
between s o i l s ,  rocks  and v e g e t a t i o n  types  a re  d i s c u s s e d  more 
f u l l y  in  Chapter 5» but in  a l l  c ases  the  amount o f  energy absorbed 
w i l l  be a f u n c t i o n  no t  only of th e  albedo but a l so  of  t h e  i n c i d e n t  
r a d i a t i o n  i n t e n s i t y  which i s  governed by th e  o r i e n t a t i o n  o f  th e  
s u r f a c e  with  r e s p e c t  t o  th e  sun .
4 . 4  Emission of  In f ra -R ed  R ad ia t io n  from th e  T e r r a i n
The fundamental  p r o p e r t i e s  o f  m a t t e r  r e l a t i n g  to  th e  e l e c t ro m a g n e t i c  
r a d i a t i o n  from b la c k - b o d ie s  have been d i s c u s s e d  e a r l i e r  (Chapter  3)* 
t h e  r e l e v a n t  e q u a t io n s  be ing :
S te fan-B ol tzm ann’s law:
v j =
4.2
P la n c k ’s law:
Equa t ion  4 .2  r e l a t e s  th e  t o t a l  amount o f  r a d i a t i o n  pe r  u n i t  a re a  
W, e m i t t e d  from a b lack-body t o  i t s  a b s o lu t e  tem p e ra tu re  T. For 
n o n -b lack  bod ies  th e  e q u a t io n  i s  modif ied  t o  th e  form:
V /  -  6 .  " T  4 .4
where &  i s  th e  e m i s s i v i t y  o f  the  body and i s  d e f in e d  as th e  t o t a l  
amount o f  r a d i a t i o n  em i t ted  p e r  u n i t  a r e a  by a body compared t o  
t h a t  e m i t te d  by a b lack-body a t  t h e  same t e m p e r a t u r e .  The 
e m i s s i v i t y  v a r i e s  n o t  on ly  from body to  body but a l so  w i th  wave­
l e n g t h .  Thus wi th  i n f r a - r e d  d e t e c t o r s  th e  r a d i a t i o n  ¥;^^sensed in  
t h e  waveband (a  b) i s  a fu n c t io n  of  t h e  e m i s s i v i t y  as 
d e f in e d  by the  e q u a t io n :
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The a b so r p tan c e ,  a ,  o f  a body i s  d e f in e d  as t h e  f r a c t i o n  o f  
r a d i a t i o n  in c i d e n t  upon i t  which i s  absorbed .
The p r i n c i p l e  o f  c o n s e r v a t io n  o f  energy r e q u i r e s  t h a t  f o r  an 
opaque body in  dynamic thermal  e q u i l i b r iu m  th e  energy i n c i d e n t  
upon i t  must equal  t h e  sum o f  t h a t  r e f l e c t e d  and absorbed .
Thus i f  E u n i t s  o f  energy a r e  i n c i d e n t  upon a body wi th  absorp tance  
a ,  and e m i s s i v i t y  G , ( l - a ) E  u n i t s  a re  absorbed  and€.5a r e  e m i t t e d .
E c e  E -t 4 , g
' t . € .  < ~  -  a .
A s i m i l a r  argument y i e l d s
4 .7
I f  p ^  i s  d e f in e d  as t h e  f r a c t i o n  o f  i n c i d e n t  r a d i a t i o n  r e f l e c t e d  
by an opaque non -b lack  body a t  wavelength  X , then  by co n se r ­
v a t i o n  p r i n c i p l e s :
'  4 .8
t h u s ,  from eq u a t io n s  4 .7  and 4 . 8  we f i n d  t h a t  f o r  non -b lack  
opaque b o d ie s :
T X  4 .9
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The case  o f  l e a v e s  and s e m i - t r a n s p a r e n t  s p i l  p a r t i c l e s  r e q u i r e s  
a m odif ied  e x p re s s io n  f o r  t h e  e m i s s i v i t y  and McMAHON (9) showed 
t h a t  f o r  s e m i - t r a n s p a r e n t  p a r a l l e l  s i d e d  bodies  wi th  a t r u e  
t r a n s m i s s i v i t y  a t  wavelength  X th e  e f f e c t i v e  e m i s s i v i t y
6 ^  i s  g iven by:
4 .5  The S u r face  Temperature o f  t h e  T e r r a in
Equat ion  3*12 showed t h a t  t h e  p r e d i c t e d  dependence o f  t h e  s i g n a l  
a t  t h e  d e t e c t o r  on th e  t e m p e ra tu re  o f  th e  s u r f a c e  o f  t h e  t e r r a i n  
should  be o f  t h e  form:
V J =
The te m p e ra tu re  o f  t h e  s u r f a c e  i s  t h e  r e s u l t  o f  th e  s o l a r  h e a t i n g ,  
and r a d i a t i v e  and c o n v ec t iv e  c o o l in g  p ro c e s s e s  which i t  has 
undergone.  C o n s id e ra t io n s  o f  hea t  f low enable  a model t o  be b u i l t  
which p r e d i c t s  th e  s u r f a c e  t e m p e ra tu re s  f o r  d i f f e r e n t  t im es  o f  day 
and d i f f e r e n t  s u r f a c e  t y p e s .
The h e a t  f low in  a d i r e c t i o n  ^  expressed  in  terms o f  t h e  q u a n t i t y  
o f  h e a t  (Q) f low ing  in  a t ime t ,  th rough  a s e c t i o n  of  t h i c k n e s s  
dz o f  t e r r a i n  with  the rm a l  c o n d u c t i v i t y  and c r o s s - s e c t i o n a l  a r e a  
(A) a t  a t em p e ra tu re  B  i s  g iven  by:
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This  assumes t h a t  t h e  hea t  f low i s  wholly, in  t h e  d i r e c t i o n  ^  
and t h e r e  i s  no outward hea t  f low ,  th e  case  o f  an i n f i n i t e l y  
wide s u r f a c e  bounded by a p l a n e .
In  t h e  case  o f  t h e  e a r t h ,  th e  hea t  f low i s  c o n s t a n t l y  changing  
due to  th e  v a ry in g  s o l a r  r a d i a t i o n  i n c i d e n t  upon i t .  (These 
f l u c t u a t i o n s  can be c o n s id e red  as tempora l changes a t  a g iven  
d e p th ,  o r  s p a t i a l  changes a t  a g iven  t i m e . )  C ons ide r ing  t h e  
l a t t e r ;  d i f f e r e n t i a t i o n  o f  4 .11  g iv e s :
cV 6 _  A .. 4.12
A ]
r e p r e s e n t s  t h e  change o f  the rm al  c o n d u c t i v i t y  wi th  dep th  
o f  t e r r a i n .  Although th e  c o n s t i t u t i o n  o f  s u r f a c e  and s u b - s u r f a c e  
l a y e r s  i s  known t o .  change, and hence ^  C) th e  amount of  en -  
v i ronm en ta l  ground work r e q u i r e d  to  de te rm ine  over th e
range  o ->  \COcvws would be e x ce s s iv e  and f o r  convenience
i s  t r e a t e d  as z e r o .
For a s e c t i o n  of  t e r r a i n  with  t h i c k n e s s  dz ,  c r o s s - s e c t i o n a l  a r e a  
A, d e n s i t y  p,  and s p e c i f i c  h e a t  c ,  t h e  hea t  f low r a t e  out o f  i t  
due t o  a r a t e  of  change o f  t e m p e ra tu re  i s ,  by d e f i n i t i o n ,
g iv en  by:
f t .C .  4,13
a t
But t h i s  q u a n t i t y  i s  e q u iv a l e n t  t o  t h a t  im p l ied  in  equ a t io n  4 .1 1 .  
Thus from eq u a t io n s  4.11 and 4 .1 3 :
/). A. c  . 4 .1 4
3
4.15
k b  a
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V( i s  a c o n s ta n t  te rm fo r  a g iven  m a t e r i a l  and i s  known a t  t h e  
d i f f u s i v i t y )  Thus from equ a t io n  4.15 i f  t h e  tem pera tu re  p r o f i l e  
o f  t h e  t e r r a i n  with depth  i s  known th e n  can be
& 3’’
de term ined  and .the n i g h t - t i m e  te m p e ra tu re s  could  be p r e d i c t e d .
4 .6  Models f o r  P r e d i c t i n g  t h e  Temperature  V a r i a t i o n  of  t h e  
T e r r a in  S u r face  with Time
From th e  c o n s i d e r a t i o n s  in  th e  p rev io u s  s e c t i o n  models have been 
d e r iv e d  fo r  s u r f a c e  tem p e ra tu re  p r e d i c t i o n s .
A model was p u b l i s h e d  in  1932 by Brunt (10) which d e sc r ib e d  the  
s u r f a c e  tem pera tu re  o f  th e  t e r r a i n  a t  n i g h t  as a fu n c t io n  o f  t ime 
and t h e  tem pe ra tu re  o f  t h e  t e r r a i n  a t  s u n s e t .  The d e r i v a t i o n ,  
o u t l i n e d  below, r e q u i r e d  th e  e m p i r i c a l  f i t t i n g  of d a t a  t o  o b t a in  
c e r t a i n  c o n s t a n t s  ( e q u a t io n  4 . 1 8 ) .
Equation  4 .15 i s  ex p re ssed  i n  t h e  form:
® 4.16
A t
where z i s  th e  d i s t a n c e  below t h e  s u r f a c e  o f  th e  t e r r a i n ,  p o s i t i v e  
be in g  taken  as downwards. (K^ t h e  d i f f u s i v i t y  o f  the  e a r t h  was 
t ak en  by Brunt to  have a v a lue  o f  (4 ,7  x 10*"^ e . g . s .  u n i t s . )
The n e t  h e a t  l o s s  to  th e  a tmosphere  pe r  u n i t  volume i s  given 
by:
\  4 - ^ 4.17
where p,, and c,, a re  th e  d e n s i t y  and s p e c i f i c  hea t  r e s p e c t i v e l y  of 
th e  t e r r a i n  ( c f .  equ a t io n  4 . 1 5 ) .  R e s u l t s  o f  measurements showed 
t h a t  an e m p i r ic a l  r e l a t i o n s h i p  could  be d e r iv e d  between R^ and 
t h e  s u r f a c e  t em p e ra tu re  T of  t h e  form:
. - a  v p  ^ 4 .18
( c . f .  equa t ion  4 .2  i . e .  a modif ied  black-body r a d i a t i o n  h e a t  l o s s )
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By assuming t h a t  t h e  changes i n  vapour p r e s s u r e  and O' were 
s m a l l ,  and hence t h a t  t h e  r e l a t i v e  changes in  D were n é g l ig e a b le  
d u r in g  th e  n i g h t  can be t r e a t e d  as  a c o n s t a n t .
Thus from e q u a t io n  4 ,17 :
A O
d 4.19
y r  O y Si4vv5.e t  ^  b-
Thus t h e  problem reduces  t o  f i n d i n g  a s o l u t i o n  t o  equa t ion  4 .16  
w i th  4 .19  as t h e  boundary c o n d i t i o n .
0  i s  known to  be a fu n c t io n  o f  z and t
5 ^ ® ')  -  i
C ons ide r ing  t h e  r e l a t i o n s h i p :
Q- - _ i _  , G











T h ere fo re  G as d e f in e d  by e q u a t io n  4 .2 0 ,  i s  a p a r t i c u l a r  i n t e g r a l  
s o l u t i o n  o f  4 .16  and th e  s o l u t i o n
/ bW, t-
\ e
Z j r r i^
must a l s o  be a s o l u t i o n
In  f a c t ,  t h e  sum of  a number o f  p a r t i c u l a r  i n t e g r a l  s o l u t i o n s  
s a t i s f i e d  4 .1 6 .
Thus
e --  i_
4-00
 ^ /bVC.t
e A ' z . / 4 .23
j
i s  a l s o  a s o l u t i o n
I t  can be shown ( ( 1 0 ) ,  p34) from 4 .23  t h a t  by l e t t i n g  "Z ' = "Z 4- 2  G 
t h e  l i m i t i n g  v a lu e  o f  4 .23  i s :
6  ^ 5  b )  4 .24
Thus,  i f  t h e  i n i t i a l  t em p e ra tu re  o f  t h e  ground i s  d e s c r ib e d  by 
e q u a t io n  4 .2 4  th e  d i s t r i b u t i o n  a t  any t ime ( t )  i s  given by 4 . 2 3 .
Thus f o r  a c o n s ta n t  f l u x  a t  t h e  s u r f a c e  f o r  a l l  v a lu e s  o f  t  i t  
can be shown t h a t  t h e  s u r f a c e  t em p e ra tu re  6  ( o , t )  i s  o f  t h e  form:
6  ( o ,  o )  -  Z -  . ^ 2 5
t r
The r e l a t i o n s h i p  shows th e  g e n e r a l  s u r f a c e  te m p e ra tu re  decay wi th  
t ime a t  n i g h t .  However, i t  i s  n o t  s u f f i c i e n t l y  developed to  enab le  
t h e  e f f e c t s  o f  v a r i a b l e s ,  such as  n i g h t - t i m e  a i r  t e m p e r a t u r e s ,  t o  
be t a k e n  i n t o  a cc o u n t .
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The above th e o r y  was developed f u r t h e r  by*Carshaw and J a e g e r  (11) 
to  p r e d i c t  th e  s u r f a c e  te m p e ra tu re s  th roughou t  a 24 hour c y c l e .
The n e t  r a d i a t i o n  f low, i t -  i i s  o f  t h e  form:
-Ç (ui) - f o r  - T T < ^ u <  O i . e .  daytime 4 .26
f o r  O i . e .  n i g h t - t i m e  4 .2 ?
where i s  as d e f in e d  b e fo re ;  I  i s  th e  s o l a r  r a d i a t i o n  i n t e n s i t y  
a t  t h e  ground p l a n e , - w  i s  th e  a n g u la r  v e l o c i t y  o f  th e  e a r t h .
Let f  (w) be a f o u r i e r  s e r i e s  o f  th e  form:
Xr o ■+ A , c^n> W 4- A 2 4  4- A
4 .28
V  i S>A-vW j 4- *E>X GAvv"2-vJ  ^  -   - t  v \ o j  tj. . -
A fundamental  theorem s t a t e s  t h a t






Thus from eq u a t io n s  4 .29  and 4 .30
yv "   I ^  SAv uf 4 ^ Cso Yvwd üJ — \  ^
o
4 .31
-  59 -
f o r  odd v a lu e s  o f  vx (aA^
o
f o r  even values,  o f  n.  ^ %
fv -  2 _ x
4.32
4.33
a l s o  b ^ - \ ) T r
f t o  = b L .
TT
S i m i l a r l y  from e qua t ions  4 .29  and 4.31 th e  on ly  v a lue  o f  Bn 
which i s  non-zero  i s  f o r  n = 1 and t h u s ,
-  *X 4 .3 4
*
i s  a c o n s ta n t  and r e p r e s e n t s  t h e  n e t  h e a t  f low a c r o ss  t h e  s u r f a c e  
over one complete p e r io d  i . e .  24 h o u r s .  A f a i r  approxim ation  i s  
f o r  t h i s  to  be zero as  th e  v a r i a t i o n s  be ing  s t u d i e d  a re  d iu r n a l  
r a t h e r  th a n  a n n u a l .
Thus from eq ua t ion  4 .33
Rtsj ~ J E -  4.35
TT
Thus in  te rms of  q and t ,  e q u a t io n  4 .20  i s  now o f  th e  form
 4.36
Now th e  s u r f a c e  t em p e ra tu re  v a r i a t i o n  T ( t )  can be reg a rd ed  as
a p e r i o d i c  fu n c t io n  o f  t im e  with p e r io d  Eind as th e  n e t
h e a t  l o s s  has been assumed to  be z e ro ,  T ( t )  can be w r i t t e n  in  
t h e  form:
4 .37
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But T ( t )  must be such as to  obey th e  c o n d i t i o n s  im pl ied  by 





Now - p ,  â l E“ f b b i a 3 O by d e f i n i t i o n
4.33
4.39
Thus, by s u b s t i t u t i o n  a f t e r  d i f f e r e n t a t i o n  o f  equa t ion  4 .38  f o r
& 1,
from equa t ion  4 .39
YO
and
“  (wcyE- B y y )
'= o
0 0
Equat ions  4 .36  and 4.41 a re  i d e n t i c a l  and th u s  by comparison of  
terras o f  ( q t ) :
4.40
4.41
T .  -
H-
f o r  a l l  odd a >  I  ^ O  e ^ =  ô
f o r  a l l  even w y o  ) 'Avx ~ ,
w \fnÿ!
Thus equ a t io n  4 .38  becomes upon s u b s t i t u t i o n :




y \ ~ 2 .
4.42
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From equ a t io n  4 .3 5 ,  ~ ~ ^ / w  i however, d i r e c t  s u b s t i t u t i o n
o f  t h i s  r e l a t i o n s h i p  i n to  e q u a t io n  4 .42  i s  v a l i d  only  f o r  f l a t  
( h o r i z o n t a l )  s u r f a c e s  a t  t h e  e q u a t o r .  The e f f e c t s  of  d i f f e r e n t  
l a t i t u d e s  and t ime o f  year  (both  f a c t o r s  a f f e c t i n g  t h e  ang le  of 
th e  sun a t  th e  s u r f a c e  and th u s  th e  i n c i d e n t  r a d i a t i o n  absorbed 
per  u n i t  ^ r e a )  a r e  accounted f o r  in  th e  e q u a t io n s  below (1 2 ) .
-V Z C  S . cp  ( h )  4.43
■
I  ^Si^vvVv. CrfsK — CcorvK.SCvvVi'), C o
Where; (j, (t)- X  ^  ^ 3/1A A
A -2.
r a d i a n s  per  hour (The d i u r n a l  a n g u la r  v e l o c i t y  of t h e  e a r t h ) .
24-
X ■= l a t i t u d e
S  ^  d e c l i n a t i o n  of  the  e a r t h ' s  a x i s  w . r . t  t h e  sun
t  = t ime a f t e r  l o c a l  noon
C ^ W ^ - ' t a n X  . t a n  S
A m o r e  advanced v e r s i o n  of th e  above model i s  i n c o rp o ra te d  in  th e  
work o f  Watson ( 1 3 ) .  The daytime and n i g h t - t i m e  a i r  te m p e ra tu re s  
a r e  a p a r t  o f  the  model so as t o  g ive  a measure o f  the  " e f f e c t i v e ” 
tem p e ra tu re  o f  th e  ground, A cloud cover f a c t o r  i s  i n c o rp o ra te d  
to  modify t h e  i n t e n s i t y  of  th e  i n c i d e n t  s o l a r  r a d i a t i o n  and th e  
albedo o f  th e  t e r r a i n  can be s e t  t o  an a p p r o p r i a t e  v a l u e .  The 
t r a n s m is s io n  M of  th e  a tmosphere ,  p r e v io u s ly  assumed t o  be u n i t y ,  
i s  a f u n c t io n  o f  th e  pa th  l e n g th  through t h e  atmosphere and i s  
o f  th e  form H(Z) sugges ted  by A l len  (1 4 ) .
K  ( " z ) -  G '2  iLcP
where Z i s  t h e  S o la r  z e n i t h  ang le  i . e .
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The e f f e c t s  o f  s l o p i n g  t e r r a i n  a r e  al lowed f o r  by modifying Z 
by th e  d ip  angle  d,  and th e  s t r i k e  azimuth measured from n o r th  
<l>. t h e  " e f f e c t i v e "  s o l a r  z e n i t h  angle  i s  g iven by:
The mathematica l  model sugges ted  by Watson has been developed 
as a computer programme a v a i l a b l e  th rough  t h e  U.S. N a t io n a l  
Techn ica l  In fo rm a t ion  S e rv ice  (1 5 ) .  This  was acqu i red  and sub­
s e q u e n t ly  modif ied  t o  run  on t h e  U n iv e r s i t y  CDC 66OO computer.
The programme assumes i n i t i a l  t e m p e ra tu re s  f o r  th e  t e r r a i n  a t  
n i g h t  and day and th en  c a l c u l a t e s  in  a s t e p - w i s e  f a s h io n  th e  
co r re spond ing  te m p e ra tu re s  24 hours  l a t e r .  U l t im a te ly  t h e s e  w i l l  
be th e  same and th e  i n i t i a l  e s t i m a t e s  a r e  modif ied  i t e r a t i v e l y
u n t i l  a f i t  i s  found.
4 ,7  D iscu ss io n  o f  th e  Thermal Model
The programme package r e f e r r e d  to  above r e p r e s e n t s  th e  most
advanced r e a d i l y  a v a i l a b l e  model i n c o r p o r a t i n g  t h e  f l e x i b i l i t y  
o f  i n p u t t i n g  d i f f e r e n t  c loud co v e r s ,  a lb ed o s ,  a i r  t e m p e ra tu re s ,  
e m i s s i v i t i e s ,  geo g rap h ica l  p o s i t i o n  and to p o g ra p h ic a l  o r i e n t a t i o n .  
However, th e  c loud  cover  i s  assumed c o n s ta n t  over 24 hours  and 
t h e  a i r  te m p e ra tu re s  t o  be c o n s t a n t  over a 12 hour p e r i o d .  The 
programme could be modif ied  so as t o  in c lu d e  th e s e  as cont inuous  
v a r i a b l e s ,  bu t  t h e  amount of environmenta l  m oni to r ing  r e q u i r e d  
would p robab ly  not j u s t i f y  th e  e f f o r t .
The a r e a  of g r e a t e s t  u n c e r t a i n t y  i s  f e l t  to  be th e  s u r f a c e  
p r o p e r t i e s  of th e  t e r r a i n  where th e  e f f e c t s  o f  weather ing ,  
m o i s tu r e ,  chemical  composi t ion and v e g e t a t i o n  cover can r a d i c a l l y  
a l t e r  th e  thermal p r o p e r t i e s  o f  t h e  t e r r a i n .
An e s t i m a t e  o f  th e  albedo of  a s u r f a c e  can be de termined by th e  
use o f  a s p e c t r o - r a d i o m e t e r  o r  ve ry  roughly  e s t im a ted  from b lack  
and white  p ho tog raphs .
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The e m i s s i v i t y  however i s  more d i f f i c u l t  -to de te rm ine .  An extreme 
case  i s  quoted by Watson (13) v/here the  thermal e f f e c t  o f  a 2 cm. 
l a y e r  o f  dry  l i c h e n  i s  to  mask comple te ly  th e  u n d e r ly in g  rock 
s t r a t a .  The same r e f e r e n c e  d e a l s  with  t h e  v a r i a t i o n  o f  th e  
the rmal  i n e r t i a  P, d e f in e d  by t h e  e q u a t io n  ' V -  (
(K: spec i j f i c  ( the rm a l)  c o n d u c t i v i t y ;  p d e n s i t y ;  c s p e c i f i c  hea t )  
wi th  v a ry in g  amounts of m o is tu re  in  porous ro c k s .  The b a s i c  
equ a t io n s  and t h e  magni tudes  o f  t h e  e f f e c t s  a re  summarised:
A
^  '  - Z —  ' )  \  -  - 6  y 4 .44
where A i s  d e r iv e d  f o r  a given • rock
f  i s  t h e  % p o r o s i t y  o f  t h e  rock
n i s  an e m p i r i c a l  exponent de termined  f o r  each rock type
n 2 fo r  s ands tones  
^VE \ f o r  c a r b o n a t e s .
The e f f e c t i v e  c o n d u c t i v i t y ,  K, o f  th e  porous rock  and th e  s a t u r a t i n g  
i n t r u d i n g  medium i s  given by:
K '=  0 -  r )  X  ^  X -
where K g i s  th e  c o n d u c t i v i t y  o f  t h e  s o l i d
and Kp i s  th e  c o n d u c t i v i t y  of  t h e  i n t r u d i n g  medium.
The p roduc t  of  t h e  d e n s i t y  P, and s p e c i f i c  h e a t ,  c ,  o f  th e  mix ture  
i s  s i m i l a r l y  expressed  a s :
p c  = 4.45
where t h e  s u b s c r i p t s  s  and f  deno te  s o l i d  and i n t r u s i o n  r e s p e c t i v e l y ,
Thus t h e  thermal  i n e r t i a  P o f  t h e  m ix tu re  i s  given by combining
eq u a t io n s  4 .4 4  and 4 .4 5 .
( \ - A )  4 ft Vvf . 4 .46
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Typica l  v a lu e s  fo r  sands tone  a r e  St/<=> ; a
K - O'  o o  G -, = 2 X -, 0  2 X
u n i t s ;  c a l s / c r a . s e c , d e g . ; g/cm^; c a l /g m .d eg ,  r e s p e c t i v e l y  
and i f  water i s  th e  i n t r u d i n g  medium
= 0* 0 0  1U-1+  ^ \ X \
i
Thus from 4 .4 4
and from 4 .46
— 0 * 0  5"5
f o r  an a i r  s a t u r a t e d  sample,  4 ,4 6  can be approximated t o  t h e  form:
i \ - p )  4 .47
For  a d ry  sample o f  sands tone  th e  va lue  o f  P i s  0.048 and th e  
s a t u r a t i o n  (8% by volume) of sands tone  w i th  water w i l l  a l t e r  th e  
the rmal  i n e r t i a  by iX
Fur thermore  th e  e m i s s i v i t y  o f  wa ter  i s  u n i t y ,  so i n c r e a s i n g  water 
c o n ten t  r e s u l t s  in  an in c r e a s e d  rock  e m i s s i v i t y  and in c re a s e d  
a lb ed o .
Table  4 ,5  l i s t s  t h e  t e r r a i n  s u r f a c e s  encoun te red  in  A u s t r a l i a  fo r  
which in fo rm a t io n  i s  a v a i l a b l e ,  t o g e t h e r  wi th  v a r io u s  loams 
i n d i c a t i n g  how s o i l  c o n te n t s  a f f e c t  r e f l e c t a n c e  and e m i s s i v i t y  
v a l u e s .
The computer model was f u r t h e r  modif ied  so as t o  d i s p l a y  th e  
r e s u l t s  g r a p h i c a l l y  on m ic ro f i lm  t o g e t h e r  wi th  th e  va lues  o f  
the rm al  i n e r t i a ,  albedo e t c . ,  which were l a t e r  used (example 
F igu re  4 . 8 ) » Typ ica l  r e s u l t s  a re  p re s e n te d  and d i s c u s s e d  when 
th ey  a r e  compared w i th  ground t em p e ra tu re  r e a d i n g s .
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TABLE 4 .5
THE THERMAL, EMISSIVE 
TYPICAL SURFACES
AND REFLECTANCE PROPERTIES OF
Thermal
I n e r t i a
Sur face ( c a l s / m  secY>) Albedo (%) Reference
Quartz  (rock) 0.098 11
Quartz  sand 
<iry ^
Quartz  sand 
8% m ois tu re  .
0 .014 11
0.030 11
Quartz  sand 
1 0 %  m o is tu re 0 .034 11
Quartz  sand 
22% m o is tu re 0.047 11
Water 0 .038 0 ( i f  deep)
G ran i te 0 .057 20 13
Limestone 0.047 30 13
Sandstone 0.056 13
C a l c i t e 0.075 16
Hematite 0 . 128 ' 16
Sands (2)
Hainamanu 
s i l t  loam
Reflectance
0 . 7—1 .0  yüLm .
0 .15
E m i s s i v i t i e s
( 1 . 8 - 2 . 7 ) r  (3.0-5.0)/4«.
0 .82  0 .8 4
(8- 13)/-^
0 .9 4 17
Barnes f i n e  
s i l t  loam 0.21 0 .58 0 .78 0 .93 17
Gooah f i n e  
s i l t  loam 0.39 0 .5 4 0 .80 0 .98 17
V e re in ig in g 0 .43 0 .56 0 .82 0 .9 4 17
Maury s i l t  
loam 0 .43 0 .56 0 .7 4 0.95 17
Dublin  c l a y  
loam 0.42 0 .5 4 0 .88 0 .97 17
Pullman loam 0.37 0 .62 0 .78 0 .93 17
Grady s i l t  
loam 0.11 0 .5 8 0 .85 0 .9 4 17
C ol t s  Neck 
loam 0.28 0 .67 0.90 0 .9 4 17
Mesita  Negra 0 .38 0 .70 0.75 0 .92 17
Dry g ra s s 0.41 0 .62 0.82 0 .88 17
Mean of
sands (2) above
R ef lec ta n ce
0 .3 2 - 0 .0 4
E m iss iv i ty
0 .8 l± 0 .0 2
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4 . 8  In f ra -R ed  R ad ia t io n  from V egeta t ion
The v e g e t a t i o n  cover of  th e  t e r r a i n  i s  no t  in c lu d ed  in  Watson 's  
model and has to  be t r e a t e d  s e p a r a t e l y  due to  i t s  p a r t i c u l a r  
p r o p e r t i e s  such as  h igh  m o is tu re  and s e m i - t r a n s p a r e n t  n a t u r e .
)
Models which d e s c r i b e  th e  t em p e ra tu re  and energy t r a n s f e r  between 
v e g e t a t i o n  and th e  atmosphere e x i s t  (18) but they  a r e  o f  more 
d i r e c t  a p p l i c a t i o n  t o  day- t ime r a t h e r  than  pre-dawn s t u d i e s .
The e m i s s i v i t y  of  v e g e t a t i o n  a t  wavelengths g r e a t e r  t h a t  2 .0  
i s  o f  th e  o rd e r  o f  0 .95  -  0 .98  (1 9 ) ,  almost e q u iv a l e n t  t o  t h a t  
o f  a b lack-body ,  but t h e  t e m p e ra tu re  i s  a f u n c t i o n  o f  p h y s io lo g ic a l  
f a c t o r s  in  a d d i t i o n  to  a lbedo ,  e m i s s i v i t y  e t c .  Dry v e g e t a t i o n  
l a c k s  water and i t s  e m i s s i v i t y  i s  consequen t ly  c o n s id e ra b ly  lower .  
(Dry g r a s s  Table  4 .5  o
The p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  v e g e t a t i o n  such as l e a f  s i z e ,  
s t r u c t u r e  and s u r f a c e  t e x t u r e  w i l l  a f f e c t  th e  emiss ive  p r o p e r t i e s ,  
as w i l l  t h e  water  c o n t e n t .
In  o r d e r  t o  w i th s ta n d  th e  h a r sh  daytime environment, p l a n t s  in  
s e m i - a r i d  and a r i d  r e g io n s  have d i f f e r e n t  r e f l e c t a n c e  p r o p e r t i e s  
from th o s e  normal ly  seen (1 9 ) .  I n s t e a d  o f  having broad leaves  
th e  p l a n t s  tend  t o  c o n s i s t  of  t h i c k  f l e s h y  s tem s /n e e d le s  which 
c o n ta i n  th e  c h l o r o p h y l l .  The stems a re  opaque to  v i s i b l e  and . 
n e a r  i n f r a - r e d  r a d i a t i o n  and, in  o rd e r  t o  m a in ta in  th e  amount of  
absorbed  r a d i a t i o n  (and thence  th e  t em p e ra tu re  o f  the  p l a n t )  a t  
a minimum, th e  p l a n t  r e f l e c t a n c e  i s  g r e a t e r  a t  a l l  wavelengths 
th an  t h a t  o f  p l a n t s  in  l e s s  ha rsh  s u r r o u n d in g s .  At n ig h t  the  
e f f e c t  o f  th e  n e e d l e - l i k e  l e av e s  i s  f o r  t h e i r  s u r f a c e  tem pera tu re  
t o  approach th e  ambient a i r  t e m p e ra tu re  due t o  the  l a r g e  s u r f a c e  
a r e a  and la ck  of  a canopy l a y e r  encouraging h e a t  conduction  r a t h e r  
th a n  co n v ec t io n .  High c o r r e l a t i o n s  between a i r  and l e a f  su r f a c e  
t e m p e ra tu re s  have been found d u r in g  th e  day (20) which lends 
weight  t o  t h i s  argueraent. Thus a t  n ig h t  most o f  th e  v e g e t a t i o n
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w i l l  be a t  a tem p e ra tu re  approach ing  th a t ,  o f  th e  a i r  and t h e  
h igh  e m i s s i v i t y  w i l l  r e s u l t  in  a lmost b lack-body  r a d i a t i o n  i n ­
t e n s i t i e s ,  The d i f f e r e n c e s  between v e g e t a t i o n  types  w i l l  thence  
be v e ry  small  assuming t h a t  th e  i n f r a - r e d  s i g n a l  i s  due s o l e l y  
to  th e  v e g e t a t i o n  and not  i n f lu e n c e d  by t h e  t e r r a i n  b e n ea th .
The e m i s s i v i t y  f o r  dry  g ra s s  (Table  4 .5 )  i s  o f  i n t e r e s t  as i t  
r e p r e s e n t s  the  e f f e c t  o f  extreme m ois tu re  s t r e s s  and t h e  change 
in  e m i s s i v i t y  from normal v e g e t a t i o n  (15%) would make i t  d e t e c t a b l e  
assuming t h a t  t h e  e f f e c t s  from sands (whose mean e m i s s i v i t y  i s  
t h e  same as t h a t  o f  d ry  g ra s s )  could  be e l i m i n a t e d .  S t r e s s e s  are  
o f  importance  in  a g r i c u l t u r a l  and ’w i l d ’ environments  and s t r e s s  
ty p e s  a r e  l i s t e d  in  Table 4 . 6 .
TABLE 4 .6
S t r e s s
Environments in  which 
most im por tan t________ Use when d e t e c t e d
Lack o f  
water
S a l i n i t y
P o l l u t i o n
Minera ls





B i o l o g i c a l
a t t a c k
A g r i c u l t u r a l
Allows s t r e s s  t o  be 
r e c t i f i e d .
Enables  s o i l  ty p e s  t o  be 
i n f e r r e d .
Speeds land  r e c l a m a t io n .
Can be used as a p o l l u t i o n  
m o n i to r .
Absence o f  e s s e n t i a l  m ine ra ls  
a l lows  s i t u a t i o n  to  be 
r e c t i f i e d .
Presence  of  excess  minera ls  
l e a d s  t o  m inera l  e x p l o r a t i o n .
S i t u a t i o n  can be monitored 
and r e c t i f i e d .
Within  th e  c o n tex t  o f  thermal i n f r a - r e d  wavelengths  th e  e f f e c t s  o f  
s t r e s s e s  w i l l  be two s t a g e .  The f i r s t  w i l l  be th e  breakdown o f  the  
normal p h y s i o l o g i c a l  r o u t i n e  o f  t h e  p l a n t .  This  seems in  most cases
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t o  cause a decrease  in  the  water co n ten t  o f  t h e  p l a n t .  The second 
s t a g e  i s  th e  onse t  of  g ro s s  p h y s ic a l  d e f o r m i t i e s  such as changes ' 
in  l e a f  c o lo u r ,  s i z e ,  t e x t u r e  e t c .  The A u s t r a l i a n  s tudy  was con­
cerned  with  th e  f i r s t  s t a g e  e f f e c t s  where i t  was hoped t h a t  th e  
s e m i - a r i d  c o n d i t io n s  would r e v e a l  s t r e s s e s  t o  t h e  f u l l  as any 
adverse  f a c t o r  in  a d d i t i o n  to  the  ha rsh  environment would send 
th e  v e g e t a t i o n  i n t o  a h ig h ly  s t r e s s e d  s t a t e .  The m a n i f e s t a t i o n  
o f  f i r s t  s t a g e  s t r e s s e s  as d e c r e a s e s  in  water  co n ten t  r e s u l t s  in  
them be ing  g r e a t e s t  a t  noon or s h o r t l y  a f t e r .  This  i s  th e  r e s u l t  
' ((17)»p73) o f  both  t h e  m ig r a t io n  o f  s o i l  m o is tu re  downwards to  th e  
c o o le r  r e g io n s  and of  th e  s o l a r  r a d i a t i o n  b e in g  a t  a maximum* At 
n i g h t  th e  r e v e r s e  t a k e s  p lace  and th e  m o is tu re  m ig ra te s  t o  th e  
now c o o le r  s u r f a c e  l a y e r s  o f  th e  s o i l  and t h e  absence o f  s o l a r  
r a d i a t i o n  enab les  th e  p l a n t  to  some e x te n t  t o  overcome t h e  s t r e s s  
c o n d i t i o n s .  Thus th e  d e t e c t i o n  of s t r e s s e d  v e g e t a t i o n  i s  op t im ised  
by i n f r a - r e d  imagery o b ta in ed  a t ,  o r  soon a f t e r ,  noon.
4 .9  The R e s u l t s  of  F i e l d  Work R e l a t i n g  to  th e  E f f e c t s  o f  
S o la r  R a d ia t io n  on th e  T e r r a i n
The f i e l d  work c a r r i e d  out  (2 .2 )  r e s u l t e d  i n  some 20 days f o r  
which r e c o rd in g s  were made o f  the  s u r f a c e  t e m p e ra tu re s  o f  g r a s s ,  
s o i l ,  v/ater and c o n c re te  from approxim ate ly  06.30 to  08.15 ( s u n r i s e  
was a t  ^  0 7 . 0 0 ) .  A d d i t i o n a l l y ,  t h r e e  s e t s  o f  r e a d in g s  taken  over 
s e v e r a l  hours monitored  f a c t o r s  such as ground,  a i r  and water  . 
t e m p e r a t u r e s .  The m e te o ro lo g ic a l  d a ta  from Mt. I s a  a i r p o r t  was 
a l so  o b ta in ed  so as t o  p rov ide  r a i n f a l l  and a i r  p r e s s u r e  r e a d in g s  
over the  t im e  of  s tu d y .
4 . 9 . 1  Monitor ing  o f  th e  C a l i b r a t i o n  Areas f o r  th e  In f ra -R ed  
L inescanner
In  a d d i t i o n  to  th e  m on i to r ing  o f  th e  t em p e ra tu re  of  th e  water in  
a swimming p oo l ,  th e  s o i l  and g r a s s  on a p l a y in g  f i e l d  and th e  
c o n c r e te  of  a t e n n i s  c o u r t ,  t h e  dry  and wet a i r  tem pe ra tu res  and 
th e  p o s i t i o n  of  th e  s u n ’s rays  on th e  ground were reco rded  as 
s i m r i s e  p ro g res sed  and d i r e c t  s o l a r  h e a t i n g  commenced.
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The g r a s s  o v a l ,  t e n n i s  c o u r t s  and swimming pool were w i th in  a 
few hundred f e e t  of each o th e r  and th e  s u n ' s  r a y s  touched th e  
s u r f a c e  a t  07*05 -  5 m inu tes .
In o rd e r  to  de te rm ine  whether th e  tem p e ra tu re  o f  th e  ground was
a f f e c t e d  by h e a t i n g  of th e  atmosphere p r i o r  t o  dawn, th e  tern- 
y
p e r a t u r e  changes j u s t  p r i o r  t o  07 .00  were t a b u l a t e d  (Table  4 . 7 ) .
TABLE 4 .7  Temperature  Change o f  T a rg e t s  P r i o r  t o  Dav/n
Temperature
Change
S u r face
Times





S o i l 1 9 6
Grass Canopy 7 7 2
Dry Air 6 4 4
Wet Air 3 5 6
The main t r e n d  was e i t h e r  s t a t i o n a r y  or d e c r e a s i n g  te m p e ra tu re s ,  
t h e  magni tudes  o f  t h e  changes b e in g  l e s s  t h a n  1^ over 10 2 0
m in u te s .  A more i n t e r e s t i n g  and s i g n i f i c a n t  t r e n d  was seen when 
th e  mean d a i l y  07.00  t e m p e ra tu re s  of  th e  p o o l , s o i l ,  canopy and 
c o n c r e t e  were p l o t t e d  over th e  days of  r e c o r d i n g  (F igure  4 . 5 ) .
Each o f  th e  t a r g e t s  shows the  same long te rm tem pera tu re  f l u c t u a t i o n  
and t h i s  phenomenon must be due to  the  geo g rap h ica l  l o c a t i o n  -  the  
i n t e r i o r  of th e  c o n t in e n t  -  where c o n d i t io n s  a r e  r e l a t i v e l y  s t a b l e .  
The g r e a t e s t  f l u c t u a t i o n  i s  in t h e  a i r  t e m p e ra tu re ,  but even so 
th e  t a r g e t s  can be o rde red  in  te rms  of  t e m p e ra tu re s :
Swimming Pool:  9°C
Ground; ( 9 - 5 . 0 ) °C
Air :  (9 -6 .5 )°C
Grass Canopy: ( 9 - 9 . 7 ) °0
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As t h e  l inescc inning o p e r a t io n s  were a t  and a f t e r  s u n r i s e  th e  
c a l i b r a t i o n  t a r g e t  t e m p e ra tu re s  were r eco rd ed  c o n t in u o u s ly ,  from 
b e f o r e  th e  a i r c r a f t  f lew  over on i t s  way t o  commence o p e r a t io n s  
u n t i l  a f t e r  i t  had passed  over on i t s  r e t u r n  f l i g h t  to  th e  a i r p o r t .
In t h i s  way 16 d a i l y  s e t s  o f  r e a d in g s  showing t h e  r e l a t i v e  h e a t i n g  
r a t e s  o f  t h e  t a r g e t s  were o b t a in e d .  A t y p i c a l  s e t  i s  shown in  
F igu re  4 . 4  ( th e  0 6 .58  dry  a i r  t em p e ra tu re  d isp lacem en t  from th e  
mean i s  thought  t o  be due to  a r e c o r d in g  e r r o r )  . The e f f e c t  o f  
^thermal i n e r t i a  i s  seen when th e  r e l a t i v e  h e a t i n g  r a t e s  o f  th e  
g r a s s ,  ground and water a re  compared. Of i n t e r e s t  i s  t h e  c r o s s ­
over o f  th e  a i r  and ground te m p e ra tu re s  as t h i s  w i l l  i n f l u e n c e  
th e  s u r f a c e  m o is tu re  on th e  ground. The d a t a  from 16 days was 
averaged and e q u a l i t y  o f  t e m p e ra tu re s  o c cu r red  a t  (08 .09  -  4 minutes) 
th e  in c r e a s e s  in ground and canopy te m p e ra tu re s  f o r  e q u a l i t y  being 
(0 .7  i  0 .1 )°C  and ( 5 . 4  -  0 .4 )°C  r e s p e c t i v e l y .
4 . 9 . 2 . F i e ld  Measurements o f  Water,  Rock and V ege ta t ion  Temperatures
Two l a r g e  s e t s  of  measurements were made of  th e  te m p e ra tu re s  of  
water  in  a s t ream ,  a rock  c r e v i c e ,  th e  ground and a t r i o d i a  bush 
in  t h e  v i c i n i t y  o f  t h e  Dugald R iver  lode (F ig .  4 .10  and co­
o r d i n a t e s  VC 120600 on F igure  4 .31)  where t h e  f i e l d  p a r t y  camp was 
s e t  up .
The r e s u l t s  a r e  p r e s e n t e d  in  F ig u res  4.5* 4 .5  w h i l s t  F igure  4 .7  
r ep roduces  th e  re g io n  o f  s u n r i s e  a t  an e n la r g e d  s c a l e .
Three r i v e r  water t e m p e ra tu re s  were r e c o rd ed  f o r  F igure  4 . 6 ,  the  
average  be ing  p r e s e n te d  in  th e  g raphs ,  as t h e  v a r i a n c e  was about 
0 .1 °C .  The t r i o d i a  bushes change shape w i th  age ,  young p l a n t s  
b e in g  s o l i d  bushes ,  re sem bl ing  a sp iky  hemisphere  up t o  1 metre 
in  d iam ete r  w h i l s t  l a r g e r ,  o ld e r  bushes d ie  o f f  in  the  middle 
r e s u l t i n g  in  an a in u lu s  of  h e a l t h y  v e g e t a t i o n  su r round ing  the  
dead grey  stems in  th e  m idd le .  The a n n u la r  r e g io n  can be up to  
2 o r  3 metres  in  d ia m e te r .  The tem pera tu re  r e a d in g s  were made 
on young h e a l t h y  bushes and a l though  they  do no t  correspond to
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t h e  s u r f a c e  t e m p e r a t u r e  th e y  do i n d i c a t e  . the  o r d e r  and r a t e  o f  
change o f  t e m p e r a t u r e  t h a t  t h e  bush e x p e r ie n c e s*  An i n t e r e s t i n g  
phenomena i s  seen in  F ig u r e  4*6 where a change in  wind d i r e c t i o n  
from W. t  S .S .E* a t  20 ,30  a f f e c t e d  th e  a i r ,  t r i o d i a  and w a te r  
t e m p e r a t u r e  r e a d in g s *  
i
Two s p o t  r e a d i n g s  were made o f  g r a s s  n e a r  t o  t h e  Dugald R iv e r  (Map, 
Fig* 4*31 r e f e r e n c e  VC 120600) on th e  17th May 1971 a t  07*22 
when t h e  g r a s s  was laden, w i th  dew and l a t e r  on a t  10*17 when t h e  
' s u n ' s  r a y s  had e v a p o r a t e d  o f f  t h e  m o i s t u r e .  The r e s p e c t i v e  tem­
p e r a t u r e s  were 10 .1  and 3 1 *0^C i n d i c a t i n g  t h e  pronounced c o o l i n g  
e f f e c t  o f  s u r f a c e  m o i s t u r e .  Dew v/as on ly  o b se rv ed  in  r e g i o n s  n e a r  
t o  t h e  Dugald R iv e r  i t s e l f  and n o t  a t  t h e  camp.
The r e l a t i v e  p r e -  and pos t -dawn t e m p e r a t u r e s  a r e  shown in  T ab le  4 , 8 .
Thus from Tab le  4*8 and F ig u re  4*7 i t  can be s ee n  t h a t  pre -dawn 
t h e  t e m p e r a t u r e s  a r e  d e c l i n i n g  a t  a r a t e  o f  f P c  p e r  h o u r .  At davm 
t h e  t e m p e r a t u r e s  s t a r t  to  r i s e  bu t  f o r  t h e  f i r s t  15 -  20 m inu tes  
none o f  t h e  t a r g e t  t e m p e r a t u r e s  p l o t t e d  c r o s s e d  o v e r  each o the r*
The pre -dawn t e m p e r a t u r e  r a n g e  was ^  3^C (7°C i f  th e  dew lad en  
g r a s s  i s  c o n s i d e r e d ) .  By 07*50 th e  t e m p e r a t u r e  range  has  i n c r e a s e d  
t o  4*2*^0 and t h e  r e l a t i v e  t e m p e r a t u r e s  o f  t h e  t a r g e t s  have 
a l t e r e d *  Th is  i s  o f  p a r t i c u l a r  im por tance  as  i t  im p l i e s  a to n e  
r e v e r s a l  on th e  i n f r a - r e d  imagery*
4 .1 0  C o r r e l a t i o n  o f  Observed Ground Tem pera tu res  w i th  t h o s e  
P r e d i c t e d  by W atson 's  Model.
The p r e d i c t e d  t e m p e r a t u r e s  from t h e  model,  t o g e t h e r  w i th  t h e i r  
a s s o c i a t e d  v a r i a b l e s  a r e  shown i n  F ig u r e s  4*8 and 4 ,9*  A problem 
a r o s e  q u i t e  e a r l y  on i n  t h e  u se  o f  th e  model when, from comparison 
w i t h  ground m easurem en ts ,  i t  was found t h a t  wet sand was h o t t e r  a t  
n i g h t  and c o l d e r  by day th a n  d ry  s and ,  whereas  a c c o rd in g  t o  th e  
model i t s  l a r g e r  th e rm a l  i n e r t i a  sh o u ld  make t h e  i n v e r s e  t r u e .
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TABLE 4 .8  The pre-dawn and pos t -dawn t e m p e r a t u r e s  as r e c o r d e d  




(0 6 .3 0  -  07 .00
Pre-dawn)
TARGET














Dew la d e n  g r a s s  
Wet ground n e a r  r i v e r  
Ground on r i v e r  bank
T r i o d i a  canopy 
Dry compact ground 
R iv e r  wa ter  
Limestone
S o i l  cover  ove r  l im e s to n e
R iv e r  w a te r
Wet ground n e a r  r i v e r
Ground on r i v e r  bank
Dry compact ground
S o i l  cover  o v e r . l im e s to n e  
Limestone
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FIGURES 4 .8  (LOWER) AND 4 .9  (UPPER) SHOWING THE SURFACE TEMPERATURE 
VARIATIONS WITH TIME FOR DIFFERENT MATERIALS, DERIVED USING 
WATSON’S MODEL,
I? s1 % O
t: "
+ 9




I t  was r e a l i s e d  t h a t  th e  change of  a lbedo  and d e n s i t y  w i th  s o i l  
m o i s t u r e ,  i . e .  w e t t e r  s o i l s  and sands  a r e  d a r k e r  and t h u s  ab so rb  
more h e a t ,  had no t  been i n c o r p o r a t e d .  Data  on t h e  v a r i a t i o n  o f  
a lb ed o  w i th  m o i s t u r e  c o n t e n t  i s  e x t re m e ly  s p a r s e ,  and t h e  v a l u e s  
f i n a l l y  used  (22) r e l a t e d  to  Newtonian S i l t  loam; a l t h o u g h  t h i s  
i s  n o t  a sand t h e  changes  a r e  p r o b a b ly  o f  t h e  c o r r e c t  o r d e r .  The 
change o f  e m i s s i v i t y  w i th  m o i s t u r e  has n o t  been i n c o r p o r a t e d  as 
no d a t a  was a v a i l a b l e .  The r e s u l t i n g  cu rv es  showed agreement 
between th e  d ry  compact ground and dry/8% m o is t  sand t o  w i th in  
'1 or  2^C which i s  c o n s i d e r e d  good in  view o f  th e  d e f i c i e n c i e s  
i n h e r e n t  w i th in  t h e  model and a l r e a d y  d i s c u s s e d .  The t e m p e r a t u r e  
o f  t h e  rock  c r e v i c e  d i f f e r s  c o n s i d e r a b l y  from t h a t  of  t h e  model 
and i t  i s  f e l t  t h a t  t h e  measured v a l u e s  cou ld  no t  have been r e ­
p r e s e n t a t i v e  of  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  r o c k .
The t e r r a i n  t o  t h e  e a s t  o f  t h e  lo d e  c o n s i s t e d  o f  a t h i n  cover  of  
lo o s e  s o i l  and r o c k s  o v e r l y i n g  s o l i d  r o c k .  T h i s  a r e a  i s  a good 
example of t h e  d i f f i c u l t y  of  u s i n g  t h e  t h e rm a l  model.  The s u r f a c e  
was a m ix tu re  o f  r o c k s  o f  d i f f e r e n t  s i z e s ,  t e x t u r e s  and t y p e s .
This  v a r y i n g  c o m p o s i t io n  means t h a t  t h e  m o i s t u r e  t r a p p e d  was 
u n d e te r m in a b le  and hence  t h e  a lb e d o ,  e m i s s i v i t y  and th e rm a l  i n e r t i a  
f o r  t h e  a r e a  cou ld  n o t  e a s i l y  be d e t e r m in e d .  The s o l i d  rock  n e a r  
t h e  s u r f a c e  would a f f e c t  t h e  h e a t  co n d u c t io n  th ro u g h  t h e  t e r r a i n  
and a l th o u g h  a l l  t h e s e  f a c t o r s  c o u ld  be i n c o r p o r a t e d  i n t o  t h e  model 
i t  i s  n o t  r e a d i l y  f e a s i b l e .
No a t t e m p t  was made t o  d e r i v e  a model t o  d e s c r i b e  t h e  t e m p e r a t u r e  
o f  v e g e t a t i o n  in  th e  t ime around dawn, m ain ly  due t o  th e  dependence 
on a i r  t e m p e r a t u r e  d i s c u s s e d  e a r l i e r .
In  c o n c l u s i o n  i t  was f e l t  t h a t  d e s p i t e  i t s  s o p h i s t i c a t i o n s  t h e  
model was n o t  a b l e  t o  p r e d i c t  a c c u r a t e l y  t h e  t e m p e r a t u r e  o f  t h e  
t e r r a i n  f o r  a g iven  t a r g e t .  P a r t  o f  t h e  f a i l u r e  l i e s  i n  t h e  
i n e v i t a b l e  v a r i a t i o n s  i n  ( i )  c lo u d  c o v e r ,  and ( i i )  day and n i g h t  
a i r  t e m p e r a t u r e s  e n c o u n te re d  i n  t h e  f i e l d .  More i m p o r t a n t l y ,  t h e
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p r e c i s e  d e t e r m i n a t i o n  o f  t e r r a i n  s t r u c t u r e  o f  a d e p th  o f  1 m e t re ,  
s u r f a c e  a lb e d o ,  e m i s s i v i t y  and m o i s tu r e  was n o t  s u f f i c i e n t l y  
d e t a i l e d .  However, i t  i s  d o u b t f u l  whether  t h e  amount o f  ground 
m o n i to r in g  measurements  r e q u i r e d  would w a r r a n t  t h e  t im e  as th e  
s c a l e  of  t h e  phenomena i n v e s t i g a t e d  in  t h i s  s tu d y  and seen  on th e  
imagery  wpuld r e q u i r e  ground t r u t h  f o r  q u a d r a t s  w i th  s i d e s  o f  
100 -  300 m e t r e s ,  a f i g u r e  i n c o m p a t ib l e  w i th  a remote  s e n s i n g  s u r v e y .
A d i s c u s s i o n  of t h e  v a l u a b l e  r o l e  which i n f r a - r e d  l i n e s c a n  imagery 
and m a th e m at i ca l  m o d e l l i n g  cou ld  p l a y  i s  i n c l u d e d  in  S e c t i o n  4 . 1 3 .
4 .1 1  L inescan  Replay  and C o r r e l a t i o n  w i th  Ground F e a t u r e s .
The EMI ’Airscan* sys tem used  on t h e  su rv ey  d i d  n o t  have i n t e r n a l  
c a l i b r a t i o n  f a c i l i t i e s  and i t  was d e c id e d  t o  f l y  t h e  sys tem  over  
a swimming p o o l ,  t e n n i s  c o u r t s  and g r a s s  r e c r e a t i o n  g round  b e f o r e ,
0 6 .3 0  and a f t e r ,  08 .1 5  th e  s ca n n in g  s o r t i e .  The t e m p e r a t u r e s  
o f  t h e  t h r e e  t a r g e t s  were r e c o r d e d  in  s i t u  and c a l i b r a t i o n  was to  
be r e l a t e d  to  t h e i r  r e s p e c t i v e  g rey  to n e s  on t h e  im agery .  Examples 
o f  t h e  imagery ove r  t h e  c a l i b r a t i o n  a r e a s  have been chosen  and a r e  
p r e s e n t e d  in  F i g u r e s  4 . 1 1 ,  4 . 1 2 ,  4 .13» 4 . 1 4 ,  4 . 1 5 ,  4 . 1 6 ,  t o  i l l u s t r a t e  
th e  problems to  be  d i s c u s s e d  l a t e r  on .
The o f f s e t  v o l t a g e  and g a in  o f  t h e  system f o r  each t a p e  r e c o r d e d  
( s e e  s e c t i o n  3 .7 )  was known and t h e  v id eo  t a p e s  were r e p l a y e d  so 
t h a t  t h e  l i m i t s  o f  t h e  v ideo  s i g n a l  c o r re sp o n d e d  t o  t h e  l i m i t s  of 
t h e  dynamic range  o f  t h e  f i l m  b e in g  used  ( I l f o r d  F P 4 ) . Each v ideo  
t a p e  was r e p l a y e d  a t  t h e  optimum dynamic ran g e  and,  in  o r d e r  t h a t  
com par isons  cou ld  be made between d i f f e r e n t  t a p e s ,  a ’ grey* s c a l e ,  
g e n e r a t e d  by f e e d i n g  knovm s t e p  v o l t a g e s  i n t o  t h e  r e p l a y  system, 
was r e c o r d e d  a t  t h e  s t a r t  o f  each  r e p l a y .
C a l i b r a t i o n  was a t t e m p t e d  by m easu r ing  th e  d e n s i t i e s  o f  t h e  c a l i b ­
r a t i o n  t a r g e t s  t o g e t h e r  w i th  t h o s e  o f  t h e  s t e p  wedge and t h e  f i l m  
fo g  l e v e l  w i th  t h e  A u t o d e n s i d a t e r  d e s c r i b e d  e a r l i e r .  The t a r g e t  
d e n s i t y  r e a d i n g s  were th e n  s c a l e d  u s in g  t h e  wedge r e a d i n g  so t h a t
01
ERRATA; FOR FIGURE 4.10, SEE PAGE 101.
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t h e  changes  in  r e p l a y  c o n d i t i o n s  were e l i m i n a t e d .  The d e n s i t i e s  
were measured f o r  t h e  days  on which t h e  o f f s e t  b i a s ,  g a in  o f  t h e  
r e c o r d i n g  system and t h e  c o o l i n g  r a t e  o f  t h e  n i t r o g e n  t o  t h e  
d e t e c t o r  were i d e n t i c a l  g i v i n g  r e s u l t s  f o r  e i g h t  days  o u t  o f  a 
t o t a l  o f  f i f t e e n  f lo w n .  The r e s u l t s  a r e  p r e s e n t e d  in  T ab le  4 .9  
t o g e t h e r  with a i r c r a f t  a l t i t u d e ,  i n d i c a t e d  a i r  speed  and t h e  
c o r r e s p o n d i n g  ground t e m p e r a t u r e s .  The r e l a t i v e  h u m i d i t i e s  
e n a b le d  t h e  a t t e n u a t i o n  t o  be o b t a i n e d  from F ig u r e  4 . 2 . 1 ,  These 
h u m i d i t i e s  o b t a i n e d  from t h e  w h i r l i n g  hyg rom ete r ,  and t h e  p r e s s u r e s  
' from Mt. I s a  m e t e o r o l o g i c a l  s t a t i o n ,  r e l a t e  t o  ground l e v e l  and 
t h e  a t t e n u a t i o n s  t h u s  can on ly  be t r e a t e d  as  g u id e s  t o  t h e  changes 
t a k i n g  p l a c e .  The waveband t o  which F ig u re  4 . 2 , 1  r e l a t e s  i s  from 
( 2 . 8  t o  5*8) i n c l u d i n g  a t t e n u a t i o n  by t h e  two w a te r  a b s o r p t i o n
bands c e n t r e d  a t  ( 2 .7  and 6 . 0 ) /am and th u s  t h e  a t t e n u a t i o n  i s  
p ro b a b ly  tw ic e  as g r e a t  as  t h a t  f o r  t h e  4 .5  -  5*5 /jam b and .  The 
g r e a t e s t  d a i l y  a t t e n u a t i o n  change was on ly  1.8% a l th o u g h  t h e  long  
terra  change ( l a t e  o v e r - f l i g h t  f i r s t  day and e a r l y  o v e r - f l i g h t  
l a s t  day) was 10%. The e f f e c t  o f  carbon d i o x i d e  a t t e n u a t i o n  f o r  
t h e  two d i f f e r e n t  f l i g h t  a l t i t u d e s  (2 ,600  and 4 ,000)  f e e t  w i th  a
t e r r a i n  h e i g h t  above s e a  l e v e l  o f  200 m e t re s  i s  seen  t o  be 1%.
Although  t h e r e  was d i f f i c u l t y  i n  l o c a t i n g  t h e  t a r g e t s  on some o f  
t h e  imagery  ( e . g .  F i g u r e  4 .1 4 )  i t  can be seen  c l e a r l y  t h a t  t h e  
imagery  l a c k e d  d e f i n i t i o n  and t h e  two f l i g h t s  on a g iv en  day ove r  
t h e  t a r g e t s  y i e l d e d  c o m p le te ly  d i f f e r e n t  t o n e s  a l t h o u g h  t h e  tem­
p e r a t u r e  of  t h e  t a r g e t s ,  e s p e c i a l l y  t h e  p o o l ,  had changed by v e ry
l i t t l e  e . g .  F ig u r e s  4 .1 1  and 4 . 1 2 .
I t  was r e a l i s e d  as soon as t h e  imagery was r e p l a y e d  ( i n  England) 
t h a t  t h e  system o f  r o t a t i n g  m i r r o r  and p a r a b o l i c  r e f l e c t o r  must 
have been out o f  focus  as t h e  imagery  was o f  much p o o r e r  r e s o l u t i o n  
(5 t i m e s )  t h a n  t h a t  o b t a i n e d  i n  England, F i g u r e  4 . 1 6 .  In  some 
c a s e s  e . g .  F ig u r e  4 . 1 5 ,  t h e  s i g n a l  was so l a r g e  t h a t  t h e  e l e c t r o n i c s  
were s a t u r a t e d  and t h e  r e s p o n s e  of t h e  system slowed so t h a t  a 
g h o s t e d  image i s  seen  in  t h e  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  m i r r o r
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( i n  t h e  case  r e f e r r e d  t o ,  th e  s i g n a l  from t h e  swimming pool i s  
g hos ted  a c r o s s  th e  r e c r e a t i o n  g ro u n d ) .
The d i f f e r e n c e  in  to n e s  between t h e  e a r l y  and l a t e  o v e r f l i g h t s  
i s  f e l t  t o  be due t o  th e  l a ck  of  r e s o l u t i o n  o f  t h e  system b l u r r i n g  
th e  c a l i b r a t i o n  t a r g e t s .  Although th e  i n f r a - r e d  r a d i a t i o n  r e l a t e s  
to  t h e  s u r f a c e  t e m p e r a t u r e  and t h i s  q u a n t i t y  i s  d i f f i c u l t  t o  measure 
with  a thermometer or t h e r m i s t o r ,  a t  l e a s t  i n  t h e  case  o f  th e  
swimming pool t h e  to p  few m i l l i m e t r e s  which absorb  and r a d i a t e  
t h e  the rm a l  i n f r a - r e d  r a d i a t i o n  were measured ,  A compensating 
f a c t o r  i s  t h a t  th e  t e m p e r a t u r e s  o f  th e  t a r g e t s  were h ig h ly  s u i t e d  
(maximum, middle  and minimum to n e s  seen  on t h e  imagery) t o  th e  
e x e r c i s e  and had t h e  system been fo c u s se d  c o r r e c t l y  t h e i r  s i z e s  
would have been com pat ib le  w i th  t h e  r e s o l u t i o n  o f  t h e  beam.
A p l o t  o f  t e m p e r a t u r e  v e r s u s  s c a l e d  d e n s i t y  i s  p r e s e n te d  in  
F ig u re  4 . 1 6 .1  f o r  t h e  inbound and outbound o v e r f l i g h t s  and shows 
t h a t  a l th o u g h  c a l i b r a t i o n  cu rves  can be c o n s t r u c t e d  f o r  each o f  
them, t h e  change r e f e r r e d  t o  above i s  a l so  c l e a r l y  s e e n .  The 
t e m p e r a t u r e  used f o r  t h e  r e c r e a t i o n  ground was t h a t  o f  t h e  g ra s s  
as t h e  cover  was 100% and th e  e m i s s i v i t y  i s  " ^ 1 ,  t h e  same as 
t h a t  f o r  w a te r .  Concre te  has an e m i s s i v i t y  o f  a  0 .9 2  (23) and 
hence t h e  e r r o r  i n  e q u a t i n g  r a d i a n c e s  t o  t e m p e r a t u r e s  i s  smal l  
in  comparison w i th  t h e  t o t a l  e x p e r im e n ta l  e r r o r .
The c a l i b r a t i o n  p ro c e d u re s  a r e  f e l t  t o  have been proven d e s p i t e  
t h e  equipment f a i l u r e s .  The t a r g e t s  chosen were s u i t a b l e  no t  
on ly  i n  terras  o f  be ing  s u f f i c i e n t l y  l a r g e  w i th  r e s p e c t  t o  t h e  
t h e o r e t i c a l  F.O.V, d imensions  bu t  a l s o  because  t h e i r  t e m p e r a t u r e s  
were r e p r e s e n t a t i v e  of  th e  ex treme range  of  v a lu e s  encoun te red  
d u r in g  th e  l i n e s c a n n i n g .
F u tu r e  improvements s u g g es te d  a re  to  ag ree  n o t  only  on t h e  the rm al  
bu t  a l s o  t h e  s p a t i a l  r e s o l u t i o n  t a r g e t s  w i th  t h e  a i r  su rvey  team 
so t h a t  equipment performance can be checked in  th e  f i e l d  and a l s o
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t o  use  a h a n d -h e ld  r a d i o m e t e r  t o  m oni to r  g ro u n d  em is s io n  ( i . e .  
t h e  b l a ck - b o d y  t e m p e r a t u r e s  o f  t h e  c a l i b r a t i o n  t a r g e t s ) .  Th is  
would overcome th e  problems o f  m easu r ing  s u r f a c e  t e m p e r a t u r e s  
w i th  a t h e r m i s t o r  o r  a thermometer  and th e  r e a d i n g  o b t a i n e d  i s  
f u r t h e r m o r e  a d i r e c t l y  r e l a t e d  f u n c t i o n  of t h a t  d e t e c t e d  by t h e  
l i n e s c a n n e r .  The t e m p e r a t u r e  r a n g e  o f  t h e  a r e a  scanned  was ve ry  
low ( ^  10° a t  t h e  most)  and t h e  th e rm a l  r e s o l u t i o n  o f  t h e  l i n e ­
s c a n n e r  ( 0 . 2 ° )  makes t h e  use  o f  v ideo  r e c o r d i n g  s u p e r f l u o u s
as  t h e  50 l e v e l s  (10°C /0 .2°C)  concerned  can e a s i l y  be r e c o r d e d  
' d i r e c t l y  on to  f i l m  p ro v id e d  t h a t  t h e  ave rage  t e r r a i n  t e m p e r a t u r e  
does  no t  i n c r e a s e  a s  th e  s o r t i e  p r o g r e s s e s ,
4 .1 2  I n t e r p r e t a t i o n  o f  L inescan  Imagery
The f a i l u r e  o f  t h e  c a l i b r a t i o n  e x e r c i s e  r e s u l t e d  in  a b s o l u t e  
a s s e s sm e n t  o f  t h e  im agery ,  and t h e r e b y  d a y - t o - d a y  compar isons  
b e in g  i m p o s s i b l e .  However, w ha tever  t h e  d i s t o r t i o n s  in  t h e  
sy s te m ,  t h e  t h e r m a l  c o n t r a s t s  a re  u n a l t e r e d  and t h i s  was t h e  b a s i s  
f o r  t h e i r  i n t e r p r e t a t i o n .  The r e s u l t s  p r e s e n t e d  a r e  s p e c i f i c  
examples o f  g e n e r a l  phenomena seen  th ro u g h o u t  th e  im a g e ry .
The f i g u r e s  to  be u sed  a r e  d e s c r i b e d  below;
F i g u r e  4 . 1 ?  G e o lo g ic a l  map o f  t h e  Dugald R iv e r  a r e a .  The p o i n t  
marked 00,  l o c a t e d  w i t h i n  t h e  box marked Dugald R iver  Lode Area,  
c o r r e s p o n d s  a p p r o x im a te ly  t o  t h e  map r e f e r e n c e  VC 120600 on 
F i g u r e  4 . 1 0 .  The s c a l e  o f  t h e  map i s  shown on t h e  r i g h t  hand edge 
and i s  in  f e e t .  F i g u r e s  4 .1 8  to  4 .2 6  and 4 , 2 8  to  4 ,3 0  a re  i n f r a ­
r e d  l i n e s c a n  images and t h e i r  o v e r l a y s , d e t a i l e d  in  Tab le  4 , 1 0 ,
F i g u r e  4 .2 ?  i s  a p h o to -m o sa ic  c o n s t r u c t e d  from t h r e e  c o n s e c u t i v e ,  
a d j a c e n t  f l i g h t  l i n e s  of  th e  Panch rom at ic  f i l m  v/ith t h e  ye l low  
f i l t e r .  The s c a l e  matches  t h a t  o f  t h e  l i n e s c a n  in  t h e  N-S 
d i r e c t i o n .
-  8 8  -
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IGURE 4.20 (NEAREST BINDING), 
4.21 and 4.22
%FIGURE 4.20 (NEAREST BINDING), 
4.21 and 4.22
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TAB1..J' 4 .1 0  OIIOl/IHG THE TINE AT WHICH THE LIHE-SCAHHED 
INAGERY WAS OBTAINED.
FIGUj-.'E NO. TIME OF
4 .1 8 0 7 .5 0
4 .1 9 07 .1 5
4 .2 0 0 7 .2 5
4 .21 0 7 .4 0
4 .2 2 0 7 .5 0
4 .2 3 0 7 .0 5
4 . 2 4 07 .1 5
4 .2 9 07 .50
4 .2 6 0 7 .5 0
4 .2 8 0 7 .0 5
4 .2 9 0 7 .4 0
4 .3 0 0 6 .4 5
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FIGURES 4 . 2 :  t o  4 .31  -  PAGE 100.
FIGUPF, 4 .20  TOP LEFT IIAUO COILIEP
FIGURE 4 .29  LOUER T,E'"'T CORUER.
FIGURE 4 .3 0  TOP RIGHT HARD CORHER.
FIGURE 4.31  MAP, LOUER RIGHT CORNER
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F ig u r e  4 ,31  shows t h e  ap p ro x im a te  l o c a t i o n  of b lo c k  C, a l t h o u g h  
t h e  b lo c k  e x ten d s  some 5 t o  10 Km west of  t h e  edge o f  t h e  map,
Mary K a th leen  i s  l o c a t e d  on t h e  w e s te rn  e x t r e m i t y  o f  t h e  map a t  
o r d i n a t e  UC 060,
The f e a t u r e s  d i s c u s s e d  and a r e a s  r e f e r r e d  t o  a r e  l o c a t e d  i n i t i a l l y  
by means o f  an o v e r l a y  and t h e n  by t h e  c o r r e s p o n d i n g  l e t t e r e d  
g r i d  p o s i t i o n .  Thus f e a t u r e  E i s  l o c a t e d  on t h e  o v e r l a y ,  F ig u r e  
4 , 2 3 , 1  accompanying F i g u r e  4 .2 3  as E w h i l s t  on F ig u r e s  4 , 2 4 ,
4 ,2 5  and 4 .2 6  i t  i s  found a t  g r i d  r e f e r e n c e  eE,
The p r o c e s s i n g  of  t h e  l i n e s c a n  imagery  i s  such t h a t  i n c r e a s e d  
em is s io n  o f  i n f r a - r e d  r a d i a t i o n  l e a d s  t o  l i g h t e r  to n e s  on t h e  
im ag e ry .
F e a t u r e  A i s  a l a r g e ,  s o l i d  q u a r t z i t e  r o c k - r a n g e  ru n n in g  approx­
i m a t e l y  n o r th  t o  s o u th  w i th  a maximum h e i g h t  above t h e  s u r r o u n d i n g  
f l a t  t e r r a i n  of abou t  250 m e t re s  and l o c a t e d  on F ig u re  4 ,1 0  a t  
map r e f e r e n c e  VC 100 5^0 t o  VC 100 66O. The h e i g h t  o f  t h e  range  
r e s u l t s  in  t h e  uppermost p a r t s  b e in g  h e a te d  by s o l a r  r a d i a t i o n  
b e f o r e  t h e  n ea rb y  g round ,  hence th e  i n t e n s e  w h i te  to n e s  on th e  
f i g u r e .  However, t h e  a r e a s  which were shadowed from t h e  sun a r e  
s t i l l  c o n s i d e r a b l y  l i g h t e r  th a n  t h e  s u r r o u n d in g  t e r r a i n  and p r e ­
dawn imagery  would have d i s t i n g u i s h e d  t h i s  f e a t u r e .
F e a t u r e  B, t h e  d a rk  band r u n n in g  t h e  l e n g t h  of  th e  w e s te rn  edge 
of  F e a t u r e  A, most p ro b a b ly  c o r r e sp o n d s  t o  t h e  a r g i l l a c e o u s  
l i m e s t o n e s .  The s h a r p  s t r a i g h t  boundary  between t h i s  f e a t u r e  and 
F e a t u r e  A shows t h a t  th e  d a rk  t o n e  i s  n o t  due to  shadowing of  t h e  
s o l a r  r a d i a t i o n  by t h e  ran g e  bu t  i t  d e s e r v e s  a ground work i n ­
v e s t i g a t i o n  b e f o r e  i t  can be f u l l y  e x p l a i n e d .
F e a t u r e  C a p p ea rs  a s  two p a r a l l e l  l i g h t  bands ru n n in g  due n o r t h  
and th e n  t u r n i n g  a b r u p t l y  n o r t h  e a s t .  These  a r e  a s s o c i a t e d  w i th
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t h e  s h a l y  ro c k s  and t h e  f a u l t ,  deno ted  by. a l i n e  o f  *s and
*s shown on t h e  geology map.
These f e a t u r e s  which a r e  a p p a r e n t  d e s p i t e  th e  poor  r e s o l u t i o n  
and d i s t o r t i o n  of  t h e  system were found t o  be more r e a d i l y  d i s ­
t i n g u i s h a b l e  on th e  l i n e s c a n  imagery  t h a n  on c o n v e n t i o n a l  b l a c k  
and w h i t e  p h o to g r a p h s .
F e a t u r e  D, th e  r e g i o n  o f  d a r k e r  to n e s  to  th e  e a s t  o f  t h e  q u a r t z i t e  
r a n g e  c o r r e sp o n d s  t o  an a r e a  o f  c a l c - s i l i c a t e  ro c k  ty p e s  and i s  
o f  p a r t i c u l a r  i n t e r e s t  because  o f  t h e  changes  i n  th e rm a l  c o n t r a s t s  
s een  on s u c c e s s i v e  images as t im e  p r o g r e s s e s  and t h e  t e r r a i n  i s  
h e a t e d .  I n i t i a l l y  ( F ig u r e  4 ,2 3 )  t h e  d ry  s t r e am  b e d s ,  such as 
w i th in  a r e a . 3* r u n n in g  west t o  e a s t  appea r  as t h e  l i g h t e s t  o b j e c t s  
w h i l s t  th e  d a r k e s t  c o r r e l a t e  w i th  a r e a s  o f  a more c l a y - t y p e  s o i l .  
Medium t o n e s  p ro b a b ly  i n d i c a t e  t h e  s u b - s u r f a c e  rock  s t r u c t u r e .  
A f t e r  s e v e r a l  m in u te s  th e  imagery (F ig u re  4 .2 4 )  shows a h i g h e r  
o v e r a l l  th e rm a l  c o n t r a s t  in  t h e  F e a tu r e  D r e g i o n  and a l t h o u g h  
most o f  th e  r e l a t i v e  c o n t r a s t s  a r e  t h e  same, some a r e a s ,  e , g .  1, 
show s u b t l e  c h a n g e s .  F e a t u r e  D i s  l o c a t e d  on t h e  most w e s t e r l y  
edge o f  F ig u re  4 ,2 5  bu t  t h e  d e t a i l s  obse rved  show l i t t l e  change 
from t h e  e a r l i e r  im agery .  F ig u r e  4 , 2 6 ,  t h e  l a t e s t  imagery  o f  th e  
f e a t u r e ,  b e a r s  l i t t l e  re sem b lan ce  to  t h e  o t h e r s ;  Area 1 i s  now 
d a r k e r  th an  t h e  s u r r o u n d s  and a t e x t u r e d  appea rance  has  r e p l a c e d  
th e  ephemera l  q u a l i t i e s  o f  p r e v i o u s  im ages .  The t e x t u r e  e f f e c t  
c o r r e l a t e s  w i th  a r e a s  o f  t r e e  cover  and, i t  was n o t i c e d  from t h e  
a i r c r a f t  a t  about t h e  t im e  o f  t h i s  f l i g h t ,  t h a t  t h e  sun*s r a y s  
were i l l u m i n a t i n g  th e  t o p s  o f  t h e  t r e e s ,  th ro w in g  long shadows 
on t h e  ground which would a cco u n t  f o r  t h e  s p e c k le d  a p p ea ra n c e .  
W ith in  f e a t u r e  D a l l  t h e  s t r e am  beds excep t  f o r  t h a t  s o u th  west  
o f  f e a t u r e  E appea r  d a r k e r  t h a n  t h e  s u r r o u n d s .  Had t h e  s t r e am s  
been m o i s t ,  o b s e r v a t i o n s  e l se w h e re  would have p r e d i c t e d  t h a t  th e y  
would appea r  i n i t i a l l y  d a rk  and th e n  l i g h t e n ,  A p o s s i b l e  ex­
p l a n a t i o n  i s  t h a t  t h e  c o n t e n t s  o f  t h e  bed have been t r a n s p o r t e d
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from t h e  h ig h e r  w e s te rn  a r e a  and could  be. o f  q u a r t z  sand  as  we l l  
as  c a l c - s i l i c a t e  m a t t e r ,  t h u s  h av in g  d i f f e r e n t  th e rm a l  p r o p e r t i e s  
from t h e  immediate  s u r r o u n d in g  a r e a .
F e a t u r e  E c o r r e sp o n d s  t o  th e  t o p o g r a p h i c  e x p r e s s i o n  o f  t h e  h o s t  
ro c k  a s s o c i a t e d  wi th  t h e  l e a d - z i n c  lode  bu t  i t s  ap pea rance  on a l l  
t h e  imagery  as a l i g h t  to n e  wi th  a da rk  to n e  on i t s  immediate  
west s i d e  cannot be a shadow and cou ld  p o s s i b l y  be a s s o c i a t e d  w i th  
t h e  l e a d - z i n c  l o d e .  D i r e c t l y  to  t h e  e a s t  o f  f e a t u r e  E, ru n n in g  
n o r t h  a t o t a l  o f  abou t  3 cms, and 1 ,5  mm,wide and marked on 
F ig u r e  4 ,2 3  i s  a d a r k  l i n e  a s s o c i a t e d  w i th  t h e  l e a d - z i n c  lo d e  
shown a l s o  on t h e  geo logy  map, F i g u r e  4 .1 7  and on F ig u r e  4 ,2 ?
as a l i g h t  a r e a  d e v o id  o f  v e g e t a t i o n ,  A s i m i l a r  da rk  l i n e  0 , 7  mm,
west  o f  t h e . f i r s t ,  1 ,1  cms, lo n g  and broken in  t h e  middle  i s  a l s o  
seen  on F ig u r e  4 , 2 3 .  This  c o r r e s p o n d s  t o  a n o t h e r  l e a d - z i n c  lode  
known t o  e x i s t  bu t  no t  marked on t h e  geo logy  map. Although th e  
lo d e  a p p e a r s  to  m a n i f e s t  i t s e l f  as  a d a rk  l i n e  on t h e  im agery ,  
i t  does  no t  a u t o m a t i c a l l y  f o l l o w  t h a t  da rk  l i n e s  a r e  l o d e s l
F e a t u r e  F i s  t h e  N-S band o f  l i g h t e r  t o n e s  w i t h i n  which f e a t u r e  E
i s  l o c a t e d  and c o r r e s p o n d s  t o  t h e  s h a l y  r o c k s .  The g e n e r a l  N-S 
f o r m a t i o n  o f  t h e  s h a l e s  i s  c l e a r  bu t  i n  some c a s e s  t h e  e x a c t  
boundary  between them and t h e  s u r r o u n d in g  c a l c - s i l i c a t e s  i s  n o t  
so o b v i o u s .  Area 2 a p p e a r s  t o  be an a s s o c i a t e d  s h a l e  r e g i o n  bu t  
t h e  geo logy  map i m p l i e s  t h a t  i t  i s  a c a l c - s i l i c a t e .  Such d i f f e r e n c e s  
a r e  bound to  occur  becau se  t h e  g e o l o g i s t s  w i l l  i n f e r  t h e  u n d e r l y i n g  
s t r u c t u r e  w h i l s t  t h e  i n f r a - r e d  l i n e s c a n n e r  m ere ly  r e c o r d s  i n c i d e n t  
r a d i a t i o n  from t h e  a r e a .  However,  because  t h e  e a r l i e r  s cans  showed 
th e  s h a l e s  and t h e  c a l c - s i l i c a t e s  as  d i f f e r e n t  e n t i t i e s ,  a r e a s  
such  as  2 r e q u i r e  f u r t h e r  ground work. F e a t u r e  F has  s l i g h t  
to p o g r a p h i c  e x p r e s s i o n  (3 10 m e t re s )  which i s  r e v e a l e d  by th e
d i f f e r e n t i a l  s u r f a c e  h e a t i n g  shown in  F i g u r e s  4 ,2 5  and 4 , 2 6 ,
F i g u r e  4 ,2 7  shows t h a t  t h e r e  i s  a s t r o n g  g e o b o t a n i c a l  r e l a t i o n s h i p  
over t h e  n o r t h e r n  t w o - t h i r d s  o f  f e a t u r e  F ,  The d a rk  v e g e t a t i o n .
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m ain ly  t r i o d i a  b u s h e s ,  does n o t  a p p ea r  to. have i n f l u e n c e d  th e  
i n f r a - r e d  e m is s io n  a l th o u g h  a r e a  2 ,  which i s  devoid  o f  v e g e t a t i o n  
a p p e a r s  l i g h t e r .  In  t h e  v i c i n i t y  o f  f e a t u r e  G, f e a t u r e  F i s  seen  
c l e a r l y  in  F ig u r e  4 .2 3  but h a r d l y  a t  a l l  on F i g u r e  4 , 2 ? .
F e a t u r e  G i s  v i s i b l e  on bo th  t h e  c o n v e n t i o n a l  p ho tog raphs  as a 
b o t a n i c a l  and t o p o g r a p h i c a l  e x p r e s s i o n  and on t h e  e a r l y  l inescan .s  
as a b r i g h t  c i r c l e  c o r r e s p o n d i n g  t o  t h e  r i n g  o f  h igh  ground 
g i v i n g  t h e  f e a t u r e  a c r a t e r  l i k e  a p p e a r a n c e .  The f e a t u r e  i s  degraded  
w i th  t im e  which i m p l i e s  t h a t  i t  i s  n o t  due t o  s o l a r  h e a t i n g  which 
t e n d s  t o  enhance t h e  t o p o g r a p h ic  e x p r e s s i o n .  M ois tu re  t r a p p e d  in  
t h e  c e n t r e  of t h e  r i n g  would accoun t  f o r  t h e  da rk  c e n t r e  w h i l s t  
s h a l e  o r  q u a r t z  r o c k s  p ro b a b ly  make up t h e  * c r a t e r '  w a l l s .
F e a t u r e  H i s  seen  on F ig u r e  4 ,2 3  and 4 .2 5  as  a da rk  ' to ngue*  bu t  
i t s  s o u t h e r l y  e x t e n t  i s  bounded by s t re am  3 on F ig u r e  4 , 2 5 , whereas 
i t  embraces f e a t u r e  I  i n  F i g u r e  4 . 2 3 ,  There  i s  no g e o l o g i c a l  or  
s t r a i g h t  p h o to g r a p h ic  f e a t u r e  w i th  which H can be c o r r e l a t e d  but 
t h e  change  in  shape between F i g u r e s  4 ,2 3  and 4 ,2 5  s u g g e s t s  i t  i s  
n e a r  t o  th e  s u r f a c e  and p o s s i b l y  due to  m o i s t u r e .
F e a t u r e  I  i s  more r e a d i l y  seen  on F ig u r e  4 .2 5  where two s t r eam  
c o u r s e s  and t h e i r  merging p o i n t  a r e  s u r ro u n d e d  by ve ry  d a rk  t o n e s .  
Th is  f e a t u r e  i s  w i t h i n  f e a t u r e  H bu t  i s  j u s t  r e s o l v a b l e  in  F ig u r e s  
4 ,2 3  and 4 , 2 4 .  The f e a t u r e  i s  unusual  a s  i t s  appea rance  on t h e  
c o n v e n t i o n a l  p h o to g ra p h s  (F ig u r e  4 , 2 ? )  s u g g e s t s  t h a t  many s i m i l a r  
f e a t u r e s  occur  e l s e w h e r e .  However f e a t u r e  I  i s  un ique  to  t h e  a r e a  
o f  im agery  i n s p e c t e d  and, as F i g u r e  4 ,2 3  was o b ta in e d  much l a t e r  
than  t h e  p r e v io u s  im ages ,  th e  i m p l i c a t i o n  i s  one o f  c o m p le te ly  
d i f f e r e n t  th e rm a l  p r o p e r t i e s  from t h e  s u r r o u n d in g  t e r r a i n .
F e a t u r e  J ,  a c i r c u l a r  d a rk  s p o t  a p p ea rs  from a s tu d y  o f  t h e  t r u e  
c o lo u r  pho tography  t o  be a c l a y  a r e a  w i th  a h e a v i e r  c o n s t i t u e n c y  
t h a n  t h e  su r round  and t h u s  more m o i s t .  S i m i l a r  f e a t u r e s  were
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i d e n t i f i e d  e l sew h e re  on th e  t r u e  c o lo u r  p h o tog raphs  b u t ,  a s  wi th  
f e a t u r e  I ,  i t  a p p e a r s  as a un ique  o b j e c t  on t h e  i n f r a - r e d  imagery .
F e a t u r e  K (F ig u re  4 .2 5  on ly )  i s  a sm al l  f i r e  l i t  a t  t h e  f i e l d  
camp.
The f e a t u r e s  d i s c u s s e d  below r e l a t e  t o  t h e  a r e a  o f  Mt. Rose Bee, 
a q u a r t z  r i d g e  r i s i n g  to  about 250 m e t re s  above t h e  s u r r o u n d in g  
l e v e l  t e r r a i n .  I t  i s  l o c a t e d  on F ig u r e  4 ,1 0  a t  map r e f e r e n c e  
'VC 140 660 and shown on F ig u re  4 ,1 7  in  th e  n o r t h - e a s t  a r e a  as a 
s e r i e s  o f  q u a r t z  r e e f s  ru n n in g  a lm os t  n o r t h  i n  an a r e a  o f  c a l c -  
s i l i c a t e  r o c k s .  The a r e a  i s  shown on fo u r  d i f f e r e n t  s e t s  of  
im agery .  F ig u r e s  4.19» 4 .2 0 ,  4 ,2 1  and 4 , 2 2 ,  a l l  o f  which show 
t h e  g r o s s  l a t e r a l  g e o m e t r i c  d i s t o r t i o n s  i n t r o d u c e d  by th e  s ca n n in g  
mechanism.
F e a t u r e  L i s  t h e  l i g h t  to n e d  a r e a  e x ten d in g  t h e  l e n g th  o f  t h e  
imagery  bounded by th e  q u a r t z  r i d g e s  which,  because  o f  t h e i r  
t o p o g r a p h i c  e x p r e s s i o n ,  have undergone s o l a r  h e a t i n g  and ap p ea r  
w h i t e .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  i m p l i c a t i o n  from t h e  imagery 
t h a t  t h e  whole of  f e a t u r e  L i s  a s s o c i a t e d  w i th  t h e  q u a r t z  and 
t h u s ,  i f  t h e  geo logy  map i s  c o r r e c t ,  t h e  d e p th  of  th e  s h a l e s  i s  
s m a l l •
F e a t u r e  M, t h e  r e g i o n  a p p a r e n t l y  composed o f  s h a l e s ,  has a v e ry  
s h a r p l y  d e f i n e d  boundary  t o  th e  n o r t h - w e s t  which does no t  c o r r e sp o n d  
w i th  t h e  geo logy  map (however ,  t h e  e f f e c t s  o f  s u r f a c e  d e b r i s  may 
accoun t  f o r  th e  d i s c r e p a n c y ) .  F ig u r e  4 ,2 2  shows a t  an e n l a r g e d  
s c a l e  th e  r em ark ab le  boundary between t h e  q u a r t z  and t h e  s h a l e s  
as  w e l l  as  t h e  manner i n  which d r a i n a g e  p a t t e r n s  a r e  r e v e a l e d  as  
d a rk  d e n d r i t i c  f e a t u r e s .  F i g u r e  4 .2 8  was u n f o r t u n a t e l y  e n l a r g e d  
w i th  n o r t h  and so u th  d i r e c t i o n s  r e v e r s e d  so t h a t  F e a t u r e s  N and 
0 a p p ea r  r e v e r s e d .  However t h e  a r e a ,  l o c a t e d  a t  map r e f e r e n c e  
123534  on F ig u r e  4 , 1 0 ,  c o n t a i n s  t h e  Dugald R iv e r  ru n n in g  th ro u g h  
i t .  F ig u r e s  4 .2 8  and 4 .2 9  were o b ta in e d  a t  0 7 .0 6  and 07 ,37  
r e s p e c t i v e l y  and show c l e a r l y  t h e  e f f e c t s  o f  m o i s tu re  and s o l a r
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h e a t i n g .  F ig u re  4 .2 8  shows l a r g e  r e g i o n s  .on e i t h e r  s i d e  o f  t h e  
r i v e r  t o  be c o l d e r  them t h e  r e s t  o f  th e  a r e a  as a r e s u l t  o f  
e v a p o r a t i v e  c o o l i n g .  However, 30 m inu tes  l a t e r  t h e  s o l a r  r a d i a t i o n  
has  e f f e c t i v e l y  e v a p o r a t e d  a l l  t h e  s u r f a c e  m o i s tu r e  and a l l  r e g i o n s ,  
e x cep t  f o r  t h o s e  in  t h e  immediate  v i c i n i t y  o f  t h e  r i v e r  bank, have 
r e a ch e d  th e  same t e m p e r a t u r e  as  t h e  s u r r o u n d i n g s .  F i e l d  m easu re ­
ments showed t h a t  dew laden  g r a s s  was 4^C c o l d e r  th a n  dry  v e g e t a t i o n  
as a r e s u l t  o f  e v a p o r a t i v e  c o o l i n g .  The d e p r e s s i o n  o f  t h e  tem- 
p e r a h u r e s  due to  e v a p o r a t i o n  w i l l  never  exceed t h a t  be tween a wet 
and a d ry  thermometer  in  th e  env i ronm en t ,  t y p i c a l  v a l u e s  b e in g  
between (1 and 9 ) °C .
F ig u r e  4 ,3 0  i l l u s t r a t e s  th e  sm a l l  s c a l e  g e o l o g i c a l  s t r u c t u r e s  
seen on t h e  . imagery and  c o n t a i n s  a dyke ru n n in g  th ro u g h  t h e  c e n t r e  
from t h e  n o r t h  n o r t h - e a s t  to  s o u th  s o u th - w e s t  as  a  da rk  l i n e .  At 
t h e  lower edge,  t o  t h e  r i g h t  of  c e n t r e ,  t h e  n o r th e r n - m o s t  t i p s  
of Lake C o r e l l a  a r e  s ee n  a s  l i g h t  t o n e s .  The l a k e  i s  l o c a t e d  
on F i g u r e  4.31 a t  map r e f e r e n c e  VB 000 960 i . e .  towards  t h e  e a s t e r n  
edge o f  t h e  map and s l i g h t l y  s o u t h  o f  c e n t r e .
Although th e  f e a t u r e s  d i s c u s s e d  have t o p o g r a p h ic  e x p r e s s i o n ,  t h e r e  
i s  a t o n a l  band ing  a s s o c i a t e d  w i th  t h e  d i f f e r e n t  r o c k  t y p e s  which 
e x i s t s  even where s o l a r  h e a t i n g  cou ld  no t  be p r e s e n t .
In  F i g u r e s  4 . 2 8 ,  4 ,2 9  and 4 . 3 0 ,  w a te r  b o d ie s  a r e  e a s i l y  d e t e c t e d  
as a r e s u l t  o f  t h e i r  h igh  th e rm a l  i n e r t i a  which r e s u l t s  in  t h e i r  
b e in g  warmer t h a n  o t h e r  o b j e c t s  a t  s u n r i s e ;  t h e  warmth d o m ina t ing  
any e v a p o r a t i v e  c o o l i n g  e f f e c t s ,
4 . 1 3  Conc lus ion
O p e r a t io n s  a t  dawn l e d  t o  h igh  r e l i e f  b e in g  shown due to  t h e  low 
s u n - a n g l e .  Such in f o r m a t i o n  i s  o f  v a lu e  to  g e o l o g i s t s  bu t  o r ­
d i n a r y  pho tog raphy  cou ld  p r o v id e  th e  same r e s u l t s  only  more c h e a p ly ,  
B as ic  ro c k  t y p e s  were d i s t i n g u i s h a b l e  and some mapping cou ld  be
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p e r fo rm ed  on th e  imagery b u t  t h e  r e s u l t s  were no t  e n t i r e l y  
c o n s i s t e n t  and mapping would need  to  be c a r r i e d  ou t  in  c o n j u n c t i o n  
w i th  c o n v e n t i o n a l  a e r i a l  p h o to g ra p h y .  Small  s c a l e  i n t e r p r e t a t i o n  
showed most u s e f u l  r e s u l t s  when rock  ty p e s  were in  a r e a s  w i th  
s h a l l o w  o v e rb u rd e n .  In  t h r e e  c a s e s  where t h i s  o c c u r r e d  t h e  
o v e rb u rd en  was " p e n e t r a t e d "  and ro ck  ty p e  b o u n d a r i e s  s e e n .  Lack 
o f  s o i l / r o c k  p r o f i l e  i n f o r m a t io n  made i n t e r p r e t a t i o n  d i f f i c u l t  
as  t h e  e f f e c t s  cou ld  have been due to  t h e  d e p th  o r  c h a r a c t e r i s t i c s  
o f  t h e  overburden  m a t e r i a l .  Even so ,  t h e  i n f o r m a t i o n  p ro v id e d  
by t h e  imagery could  no t  have been d e t e c t e d  on c o n v e n t i o n a l  ph o to ­
g r a p h s ,  In  one o r  two c a s e s  dykes  were seen  bu t  t h e s e  r e p r e s e n t e d  
a sm a l l  p r o p o r t i o n  o f  t h e  number known to  e x i s t .
Of c o n s i d e r a b l e  i n t e r e s t  on t h e  sm al l  s c a l e  i n t e r p r e t a t i o n  was 
th e  a p p ea ran ce  of  a r e a s  w i th  r e l a t i v e l y  h ig h  m o i s tu r e  l e v e l s .  In  
t h e  e a r l y  morning imagery ( i . e .  up t o  07 .1 5 )  t h e  m ois t  a r e a s  
domina ted  t h e  im agery ,  r e v e a l i n g  o ld  d r a i n a g e  c h a n n e l s ,  m o is t  
v a l l e y s  f r e e  of s t a n d i n g  w ater  and a r e a s  of  m o is t  s o i l s  and c l a y s .  
The m o i s t u r e  r e s u l t e d  i n  th e  a r e a s  b e in g  c o ld  due t o  e v a p o r a t i o n ,  
which i s  in  d i r e c t  o p p o s i t i o n  to  t h e  r e s u l t s  p r e d i c t e d  by th e rm a l  
m o d e l l i n g  o r  a p p a r e n t l y  seen  on s a t e l l i t e  imagery  ( 2 4 ) ,  The 
l o c a t i o n  and m o n i to r in g  o f  m o is t  a r e a s  in  s e m i - a r i d  r e g i o n s  cou ld  
p r o v i d e  a v a l u a b l e  a i d  to  t h e  a g r i c u l t u r a l  u t i l i s a t i o n  of  such 
a r e a s  ( 2 4 ) ,  The d e t e c t i o n  o f  w a te r  was shown t o  be v e r y  s im p le  
as  i t s  the rm a l  i n e r t i a  r e s u l t e d  in  i t  b e in g  c o n s i d e r a b l y  warmer 
th a n  a l l  o t h e r  t a r g e t s  p r i o r  t o  dawn.
The e f f e c t s  o f  s o l a r  h e a t i n g  were u n d e s i r a b l e  in  te rm s  o f  i d e n ­
t i f y i n g  r o c k  ty p e s  as  t h e  to p o g ra p h y  o f  t h e  r e g i o n s  a l t e r e d  t h e  
a p p a r e n t  e m is s io n .  However, f e a t u r e s  t h a t  were seen  on pre -dawn 
imagery  and d i s a p p e a r e d  in  th e  30 minutes  a f t e r  dawn can o n ly  be 
due t o  c o n d e n s a t io n  on t h e  s u r f a c e  or o t h e r  s u r f a c e / s u b - s u r f a c e  
phenomena. In  t h e  v i c i n i t y  o f  r i v e r s  th e  e f f e c t  was due t o  
o v e r n i g h t  c o n d e n s a t io n  g i v i n g  r i s e  t o  e v a p o r a t i v e  c o o l i n g  p r i o r  
t o  dawn. Some 30 m inu tes  a f t e r  dawn t h e  e v a p o r a t i o n  was comple te
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and t h e  a r e a  q u i c k l y  a t t a i n e d  t h e  am bien t  t e m p e r a t u r e  o f  t h e  
s u r r o u n d i n g s .  Away from th e  r i v e r s ,  in  r e g i o n s  o f  l i t t l e  v e g e t a t i o n  
c o v e r ,  t h e  changes  seen  which d i d  no t  c o r r e l a t e  with  c o n v e n t i o n a l  
a e r i a l  p h o to g rap h s  were p ro b a b ly  due t o  t h e  c o n s t i t u t i o n  and 
m o i s t u r e  c o n te n t  o f  t h e  s u b - s u r f a c e  m a t e r i a l .  E x t e n s iv e  ground 
v;ork i s  R equ i red  b e f o r e  any d i r e c t  c o r r e l a t i o n  of  th e  phenomena 
can be i n v e s t i g a t e d .
The v e g e t a t i o n  cover  in  t h e  a r e a  v;as low and t h e  e m is s io n  from i t  
b l e n d e d  i n  most c a s e s  w i th  t h a t  from th e  background .  The p r i n c i p a l  
e x c e p t i o n  t o  t h i s  i s  in  th e  pos t -daw n f l i g h t s  where i n d i v i d u a l  
t r e e s  e f f e c t i v e l y  s h i e l d e d  a l a r g e  a r e a  o f  ground g i v i n g  t h e  
imagery  a d i f f e r e n t  t e x t u r e .
The p r e s e n c e  o f  t r a c k s  and o t h e r  man-made o b j e c t s  in  b lo c k s  A, B 
and C was no t  obv ious  ex cep t  in  t h e  case  o f  b itumen ro a d s  and a 
c a m p - f i r e .  The i m p l i c a t i o n s  o f  i n f r a - r e d  l i n e s c a n n e r s  f o r  
l o c a t i n g  e i t h e r  man-made o r  a c c i d e n t a l  f i r e s  i s  o b v io u s .
In  t h e i r  p r e s e n t  form, i n f r a - r e d  l i n e s c a n n e r s  p ro v id e  i n f o r m a t i o n  
r e l a t e d  t o  t h e  s u r f a c e  and s u b - s u r f a c e  m o i s t u r e  c o n d i t i o n s  in  
s e m i - a r i d  r e g i o n s  by t h e i r  use  p r i o r  t o  dawn. The d i f f e r e n c e s  
i n  p re  and pos t -daw n imagery may p ro v id e  im p o r t a n t  and u s e f u l  
d a t a  on s u b - s u r f a c e  co m p o s i t io n  b u t  f u r t h e r  ground work i s  r e q u i r e d  
b e f o r e  unambiguous c o n c l u s i o n s  can be drawn.
- 1 0 9  -
4 .1 4
CHAPTER 4 -  REFERENCES
(1) HASE, H: R .S .  o f  Envi ronment ,  Mich, 237» 1971
(2) DEIRMENDJIAN, D: Appl,  O p t . ,  2 ,  187, 1964
(3) PEjINDORF, R: U .S .A .F .  Cambridge R esearch  C e n t r e ,  AFCRC-
TN-55-206
(4) BAUER, E: Appl .  O p t . ,  197» 1964
X5) PLESSEY RADAR: E .S .R .O .  C o n t r a c t  No. ESTEC 1673/72 EL
M u l t i - S p e c t r a l  Scann ing  Systems and t h e i r  
p o t e n t i a l  a p p l i c a t i o n  t o  e a r t h  r e s o u r c e  
s u r v e y s .  V o l .  1
(6) YATES, M.W. and TAYLOR, J .H :  N .R .L,  Repor t  5453» U .S .  Naval
Research  L a b o r a t o r i e s ,  I 96O
(7) WILSON, R.A. Appl.  O p t . ,  899» 1966
(8) HAWKER SIDDELEY DYNAMICS INFORMATION SHEET (No o t h e r
i d e n t i f i c a t i o n )
(9) McMAMON, H.O: J .  Opt.  S o c .  Am., 3 7 6 , 1950
(10) BRUNT, D: Q u a r t .  J .  Royal Met.  S o c , ,  52» 389, 1932
(11) CARSLAW, U . S . ,  and JAEGER, J . C ;  Conduct ion  o f  Heat i n
S o l i d s ,  Oxford ,  1947
(12) JAEGER, J , C ,  and JOHNSON, G.H: G e o g i s i c a  Pura  E A p n l i c a t a ,
24,  104, 1953
( 13 ) WATSON, K, e t  a l :  R ,S .  of  Env i ronm ent ,  Mich, 2* 2017» 1971
(14) REFERRED TO IN I 3 BUT REFERENCE NOT STATED
( 15) WATSON, K: N . T , I , S . ,  S p r i n g f i e l d ,  V a , ,  U.S,A,
( 16 ) N . T , I . S ,  DATA SHEET: No o t h e r  r e f e r e n c e
( 17 ) N.A.S,A: Nimbus T e c h n ic a l  Repor t  N o .2,  Nov. 1971
( 18 ) GATES, D.M: Remote S e n s in g  in  Eco logy .  Ed. P .L .  Johnson ,
A thens ,  Georg ia  U .P . ,  1969
(19 ) GATES, D.M, e t  a t :  Appl.  Opt,  4 ,  11 ,  1965
1 1 0  -
CHAPTER 4 -  REFERENCES (C o n t . )
(20) WIEGAÎÎD and NAMKEN: Agronomy J . ,  ^8» 1966
(21) BEAUMONT, T .E .B:  P e r s o n a l  Communications
(22) COULSON, K.L: J .  Geophys.  R e s . ,  70 ,  4601, I 965
( 23 ) PLESSEY RADAR: As f o r  r e f .  5» b u t  Vol.  I I
(24) POUQUET, J :  N.A.S.A. R e p o r t ,  TN D-4647
-  I l l  -
5 VISIBLE AND NEAR INFRA-RED RADIATION ( 0 . 4  -  0 .9 )u m
5 .1  I n t r o d u c t i o n
The i n t e n s i t y  o f  s o l a r  r a d i a t i o n  a t  t h e  e a r t h  s u r f a c e  i s  shov/n 
in  F ig u r e  3 . 2 .  The r e g i o n s  from ( 0 . 4  -  0 , 7 3 ) / - ^  and (0 .7 5  -
0 . 9 )  /Lm a re  te rmed t h e  v i s i b l e  and n e a r  i n f r a - r e d  r e s p e c t i v e l y  
and both  a r c  d e t e c t a b l e  by cameras  w i th  a p p r o p r i a t e  l e n s e s ,  
f i l m s  and f i l t e r s .  The s o l a r  s p e c t r a l  r a d i a n c e  i s  a t  a maximum 
 ^ over  t h e s e  r e g i o n s  a t  t h e  e a r t h  s u r f a c e  and i t  i s  co n v en ie n t  to  
t r e a t  them bo th  as  a s i n g l e  e n t i t y  when c o n s i d e r i n g  t h e  mechanisms 
o f  r a d i a t i o n  t r a n s f e r  th rough  t h e  a tm osphere ,  r e f l e c t i o n  by 
s u r f a c e s  and d e t e c t i o n  w i th  s e n s o r s .
5 . 2  A t t e n u a t i o n  of  ( 0 . 4  -  0 . 9 ) Ra d i a t i o n  by t h e  Atmosphere
The main a t t e n u a t i o n  i s  due t o  R ay le ig h  ty p e  s c a t t e r i n g  by th e  
a i r  m o lecu les  and w a ter  a b s o r p t i o n .
R ay le ig h  s c a t t e r i n g  o c cu r s  when t h e  r a d i i  ( r )  o f  th e  s c a t t e r i n g  
p a r t i c l e s  (assumed to  be s p h e r i c a l )  a r e  sm al l  compared t o  t h e  
w aveleng th  , X, o f  th e  i n c i d e n t  r a d i a t i o n  i . e .  r  ^ 0 , 1  X . The 
R ay le ig h  s c a t t e r i n g  c o e f f i c i e n t  p e r  u n i t  p a th  l e n g t h  c f  ^  , i s  
g iven  by:
e g  =  3 2 - - n ^  5 ,1
where n ^ i s  t h e  r e f r a c t i v e  ind ex  o f  th e  a tmosphere  ( ^  1) and 
N i s  t h e  number o f  p a r t i c l e s / u n i t  volume.
The t r a n s m i s s i v i t y ,  ^ , o f  t h e  a tm osphere  i s  d e f i n e d  as t h e  
f r a c t i o n  o f  energy  t r a n s m i t t e d  th ro u g h  a R ay le ig h  Atmosphere.
Values  o f  and c a l c u l a t e d  fo r  a v e r t i c a l  p a th  th rough  th e
e a r t h ' s  a tmosphere  f o r  d i f f e r e n t  v a lu e s  o f  X a re  g iven  in  Table  5«1*
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TABLE 5 .1  (Ref .  ( 1 ) )
Showing th e  v a r i a t i o n  o f  R ay le ig h  s c a t t e r i n g  c o e f f i c i e n t  ( )
and t r a n s m i s s i v i t y  (  ^ ) o f  t h e  a tmosphere  w i th  w av e len g th .
Wave1eng th  
(m ic rons ) (x (0^ )
0 .3 0 152 0 .2 9 5
0 ,4 0 45 0 .696
' 0 .5 0 18 0 .865
0 .6 0 8 .6 0 .955
0 .7 0 4 . 6 0 .9 6 4
0 .8 0 2 . 7 0 .9 7 9
0 .9 0 1 . 7 0 .9 8 7
1 .0 0 1 .1 0 .991
In  a r e a s  away from l a r g e  expanses  o f  w a te r  t h e  c o n s t i t u e n t s  o f  
haze  have been shown by D ie rm end j ian  (2) to  have r a d i i  o f  t h e  
o r d e r  o f  (0 .0 2  -  0 . 0 5 ) and t h e r e b y  t o  c o n t r i b u t e  s t r o n g l y  t o  
R ay le ig h  s c a t t e r i n g .  The a t t e n u a t i o n  by w a te r  vapour  o c cu r s  a t  
(0 ,7 5  and 0 .9 4 )  w i th  a b s o r p t i o n s  o f  (20 and 50)>« and 
a b s o r p t i o n  band w id th s  o f  (0 .01  and 0 , 03 ) r e s p e c t i v e l y  f o r  a 
v e r t i c a l  p a th  t h r o u g h  a t y p i c a l  atmosphere  c o n t a i n i n g  2 .0  cms, 
p r e c i p i t a b l e  w a te r  v a p o u r .  Hence w i th in  t h e  r e g io n  of  th e  
spec t rum  from ( 0 , 4  -  0 .9 )^ r r t  o n ly  s l i g h t  a b s o r p t i o n  w i l l  be 
e x p e r i e n c e d  a t  0 ,7 5
The amount of  a tm o s p h e r i c  a t t e n u a t i o n  e n c o u n te re d  w i l l  v a ry  w i th  
changes  o f  haze  c o n c e n t r a t i o n s  i n  th e  a tmosphere  and a l s o  w i th  
t im e  as  t h e  pa th  l e n g t h  o f  s o l a r  r a d i a t i o n  v a r i e s .
The a r e a  o f  A u s t r a l i a  chosen f o r  t h e  s tu d y  was one where t h e  
e f f e c t s  o f  haze  and w a te r  vapour  were sm al l  and, by r e s t r i c t i n g  
t h e  a i r c r a f t  o p e r a t i n g  t im es  and a l t i t u d e s ,  changes i n  a t t e n u a t i o n  
sho u ld  have been m in im a l . S i m i l a r l y ,  na r row an g le  l e n s e s  ( -  2 0° from
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t h e  n a d i r  t o  th e  e f f e c t i v e  frame e d g e ) ,  l i m i t e d  t h e  a t t e n u a t i o n  
a c r o s s  t h e  pho to g rap h s  due t o  v a r y i n g  p a th  l e n g t h ,
5*3 R e f l e c t a n c e  o f  R a d i a t i o n  by T e r r e s t i a l  O b jec t s
At t h e  s u r f a c e  o f  an o b j e c t  th e  i n c i d e n t  r a d i a t i o n  i s  r e f l e c t e d ,  
ab so rb ed  and t r a n s m i t t e d  to  v a r y i n g  d eg rees  depending  upon th e  
s u r f a c e  p r o p e r t i e s  o f  t h e  o b j e c t .  Thus t h e  r e f l e c t a n c e  mechanism 
f o r  a r o c k , which is a s u r f a c e  e f f e c t ,  d i f f e r s  c o n s i d e r a b l y  from 
t h a t  o f  v e g e t a t i o n  where t h e  s u r f a c e  i s  s e m i - t r a n s p a r e n t  and 
i n t e r n a l l y  s c a t t e r e d  r a d i a t i o n  i s  a s i z e a b l e  p r o p o r t i o n  o f  t h e  
o b se rv ed  r e f l e c t e d  r a d i a t i o n .
In  t h e  g e n e r a l  c a se  l i g h t  w i l l  undergo r e f l e c t i o n  and a b s o r p t i o n  
a t  t h e  s u r f a c e ,  t h e  r e f l e c t i o n  b e in g  bo th  s p e c u l a r  and d i f f u s e  
( b i - d i r e c t i o n a l )  t h e i r  r e l a t i v e  p r o p o r t i o n s  b e in g  a f u n c t i o n  o f  
s u r f a c e  c h a r a c t e r i s t i c s  such as  t e x t u r e .
S p e c u l a r  r e f l e c t i o n  i s  c h a r a c t e r i s e d  by t h e  r e f l e c t i o n  o f  l i g h t  
by a m i r r o r  -  i . e .  an g le  o f  i n c i d e n c e  = a n g le  o f  r e f l e c t i o n  -  
and a p a r a l l e l  beam r e m a in in g  p a r a l l e l  a f t e r  r e f l e c t i o n .  However 
t h e  i n t e n s i t y  o f  d i f f u s e l y  r e f l e c t e d  r a d i a t i o n  obeys Lam ber t ’ s 
law and i s  t h e r e f o r e  equal  in  a l l  d i r e c t i o n s .  The r e f l e c t a n c e  
by s u r f a c e s  which a r e  s p e c u l a r ,  d i f f u s e  and a m ix tu re  o f  t h e  
two ( t h e  more t y p i c a l  c a se )  i s  shown s c h e m a t i c a l l y  i n  F ig u r e s  5*1»
5 .2  and 5 «3 where t h e  d o t t e d  l i n e  r e p r e s e n t s  t h e  am pl i tude  o f  th e  
i n t e n s i t y  v e c t o r  from p o i n t  0 ,
F i g u r e  5*1 S p e c u l a r  R e f l e c t i o n ;
L ig h t  r a y
Object s u r f a c e
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F i g u r e  5*2 D i f f u s e  R e f l e c t i o n :
F ig u r e  5*3 S p e c u l a r  and D i f f u s e  R e f l e c t i o n :
The i n t e n s i t y  o f  t h e  s p e c u l a r y  r e f l e c t e d  component i s  d e r i v e d  by 
c o n s i d e r i n g  th e  i n c i d e n t  r a d i a t i o n  r e s o l v e d  i n t o  components 
normal  and p a r a l l e l  t o  t h e  o b j e c t  s u r f a c e .
The r a t i o  o f  th e  a m p l i tu d e s  o f  t h e  r e f l e c t e d  r a y  to  t h e  i n c i d e n t  
r a y  i n  t h e  p la n e  normal to  t h e  s u r f a c e  (R^) and p a r a l l e l  t o  t h e  
s u r f a c e  (R^) a r e  g iv e n  (3) by:
^JL '  r  E n  ( X -  X  ' ) ^
( 1  4 X - )
5 . 2
s ' . A  ( T  -  IT' \
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h T ' )
5.3
where I  and I '  a r e  t h e  a n g le s  o f  in c id e n o e  and r e f r a c t i o n  
r e s p e c t i v e l y  and a r e  r e l a t e d  by S n e l l ’s law:
*v . X a ', S ' . r x l : '  ^ . 4
and v/here n and n ’ a r e  t h e  r e f r a c t i v e  i n d i c i e s  o f  th e  i n c i d e n t  
and r e f r a c t i v e / r e f l e c t i v e  media r e s p e c t i v e l y .
Thus th e  changes in  i n t e n s i t y  and p o l a r i s a t i o n  ( A  7  ^
o f  t h e  s p e c u l a r l y  r e f l e c t e d  r a y  can be p r e d i c t e d  g iven  th e  
r e f r a c t i v e  index o f  t h e  o b j e c t .
5*4 R e f l e c t i o n  o f  R a d i a t i o n  by S o i l s  and Rocks
The r e f l e c t a n c e  p r o p e r t i e s  o f  s o i l s  and r o c k s  have been s t u d i e s  
in  g r e a t  d e t a i l  and a r e  documented in  th e  form of  r e f l e c t a n c e  
c u rv e s  from th e  v i s i b l e  t o  mid i n f r a - r e d  w aveleng ths  ( 4 ) ,  The 
s p e c t r a  r e f e r  on ly  t o  normal  i n c i d e n c e  measurements  and do n o t  
i n d i c a t e  t h e  s p e c u l a r  and d i f f u s e  components which a r e  r e l a t e d  
to  t h e  t e x t u r e  and c o m p o s i t io n  o f  t h e  s o i l s  and r o c k s .  S o i l s  
can be c o n s i d e r e d  as b e in g  made up from v a r y i n g  p r o p o r t i o n s  of 
s a n d s ,  s i l t s  and c l a y s  w i th  t h e  av e rag e  d i a m e t e r s  o f  i n d i v i d u a l  
p a r t i c l e s  v a r y i n g  from 2mm.-  0 . 0 6  mm; (4  -  60 ) 10""^mra. and l e s s  
th a n  4 .1 0  ^ram. r e s p e c t i v e l y .
Some a t t e m p t s  have been made t o  c o n s t r u c t  a model o f  t h e  manner 
in  which l i g h t  i s  r e f l e c t e d  by s o i l  based  on t h e  s c a t t e r i n g  from 
th e  i n d i v i d u a l  s o i l  p a r t i c l e s .
The s u r f a c e  l a y e r  o f  t h e  s o i l  can be c o n s i d e r e d  as  a m a t r i x  o f  
i n d i v i d u a l  p a r t i c l e s  where th e  amount o f  l i g h t  r e f l e c t e d  d i r e c t l y  
by them, as  opposed t o  b e in g  s c a t t e r e d  i n t o  t h e  i n t e r - p a r t i c l e  
s p a c e s ,  i s  a f u n c t i o n  o f  th e  s u r f a c e  s t r u c t u r e .
1 1 6  -
F ig u r e  5.4-
S o i l  p c . r t i c l e s _   ^
i '  \
I n c i d e n t  r a d i a t i o n
r e f l e c t i o n  
I n t e r n a l l y  s c a t t e r e d  
r a d i a t i o n
T r a n s m i t t e d  r a d i a t i o n
Area o f  shadow
The changes  in  p a r t i c l e  s i z e  r e s u l t  in  d i f f e r i n g  amounts o f  
a r e a s  o f  shadows e t c .  W hi ls t  l a r g e  s i z e d  p a r t i c l e s  r e f l e c t  
l i g h t  a t  t h e  s u r f a c e  and t h e  c o lo u r  seen  i s  a s u r f a c e  e f f e c t ,  
sm al l  p a r t i c l e s  which s c a t t e r  t h e  l i g h t  i n t o  and from t h e  to p  
l a y e r s  o f  th e  s o i l  e x h i b i t  a d i f f e r e n t  c o l o u r ,  te rmed body c o l o u r .
For  l a r g e r  p a r t i c l e s  s u r f a c e  r e f l e c t i o n  w i l l  dominate  and Coulson
(5) has  shown t h a t  a model w i th  Mie s c a t t e r i n g  and th e  shadowing 
e f f e c t  shown in  F ig u r e  5.4- can produce  good c o r r e l a t i o n s  w i th  
f i e l d  m easurements ,  im ply ing  t h a t  t h e  s p e c u l a r y  r e f l e c t e d  com­
ponent  i s  n é g l i g e a b l e .  The v a r i a t i o n s  o f  i n t e n s i t y  w i th  d i f f e r e n t  
a n g le s  o f  i n c i d e n c e  and o b s e r v a t i o n  a r e  a l s o  g iven  and f o r  t h e  
p r e s e n t  s tu d y  t h e  changes  in  r e f l e c t a n c e  would be o f  t h e  o r d e r  
o f  2 %  a c r o s s  t h e  p h o tog raph  due t o  t h e  -20^  look  an g le  o f  t h e  
l e n s e s .  S i m i l a r l y  t h e  com b in a t io n  o f  n e a r  mid-day pho tography  
w i th  r e l a t i v e l y  na r row  an g le  l e n s e s  r e d u c e s  any p o l a r i s a t i o n  
e f f e c t s ,  which might i n a d v e r t e n t l y  be o b t a i n e d ,  t o  a n é g l i g e a b l e  
l e v e l .
The i n f u s i o n  o f  w a te r  i n t o  th e  i n t e r - p a r t i c l e  spaces  a f f e c t s  
t h e  s o i l  r e f l e c t a n c e  a s  a r e s u l t  o f  th e  w a t e r / s o i l  p a r t i c l e  
i n t e r f a c e  and th e  a s s o c i a t e d  r e f r a c t i v e  i n d i c i e s .  For a g iven  
v a lu e  of  I ,  from e q u a t i o n  5.4- th e  c o r r e s p o n d i n g  v a lu e  o f  I  ’ w i l l  
be g r e a t e r  f o r  t h e  w a t e r / s o i l  r e f r a c t i o n  and t h u s  from 5 . 2  and
5 .3  and w i l l  d e c r e a s e .
-  1 1 7  -
However, th e  d e c r e a s e s  in  and R^ w i l l  .be d i f f e r e n t  so n o t  
on ly  w i l l  t h e  t o t a l  r e f l e c t a n c e  d e c r e a s e  bu t  a l s o  t h e  d e g re e  o f  
p o l a r i s a t i o n  w i l l  change ,  W a t  e r  a b s o r p t i o n  bands appea r  as th e  
m o i s t u r e  c o n te n t  i n c r e a s e s ,  bu t  t h e i r  waveleng ths  (1,4-5 and 1 .60)yim. 
a r e  o u t s i d e  th e  r a n g e  o f  normal p h o to g ra p h ic  sy s te m s .
Measurements by Condui t  (6) on th e  r e f l e c t a n c e  s p e c t r a  o f  160 
s o i l s  showed t h a t  f o u r  b a s i c  t y p e s  were p r e s e n t  w i th in  t h e  samples 
t a k e n  and t h a t  an i n d i v i d u a l  cou ld  be c l a s s i f i e d  as a p a r t i c u l a r  
type  on th e  b a s i s  o f  fo u r  r e f l e c t a n c e  r e a d i n g s  t a k e n  between 
(350 and 1 ,000 )  nm . The s o i l s  were m on i to red  under  l a b o r a t o r y  
c o n d i t i o n s  wi th  un i fo rm  m o is tu re  l e v e l s  t h u s  g i v i n g  a measure  
o f  t h e  d i f f i c u l t i e s  l i k e l y  t o  be e n co u n te re d  i n  t h e  f i e l d .
The r e f l e c t a n c e  s p e c t r a  from r o c k s  a r e  more p r e d i c t a b l e  t h a n  th o s e  
from s o i l s  due t o  t h e  l e s s  v a r i a b l e  n a t u r e  o f  t h e  s u r f a c e s  i n ­
v o lv ed  a s  a r e s u l t  o f  c l i m a t e  e t c , ,  and a r e  a l s o  documented (4-),
5 ,5  R e f l e c t i o n  of  R a d i a t i o n  from V e g e t a t i o n
The p r i n c i p a l  v e g e t a t i o n  r e f l e c t i n g  s u r f a c e  i s  t h e  uppermost  
l e a v e s  o f  th e  canopy o r ,  in  t h e  case  o f  d e s e r t  p l a n t s ,  t h e  t h i c k  
stems which a r e  t h e i r  e q u i v a l e n t  o f  l e a v e s .
Leaves o f  d ec id u o u s  v e g e t a t i o n  a r e  s e m i - t r a n s p a r e n t  w h i l s t  d e s e r t  
p l a n t  stems and e v e r g r e e n  l e a v e s  a r e  g e n e r a l l y  opaque,  a l t h o u g h  
in  a l l  c a s e s  t h e  c o n ce p t  o f  body c o lo u r  r e f e r r e d  t o  e a r l i e r  ( 5 ,4 )  
i s  o f  im por tance  as t h e  s o l a r  r a d i a t i o n  p e n e t r a t e s  between 
(10 and 1 0 0 ) yxm below t h e  s u r f a c e s  of  t h e  l e a v e s .
The e f f e c t i v e  r e f l e c t a n c e  o f  v e g e t a t i o n  as measured from a d i s t a n c e  
i s  a f u n c t i o n  o f  t h e  d e n s i t y  o f  t h e  canopy, t h e  o r i e n t a t i o n  o f  
th e  l e a v e s  w i t h i n  t h e  company, and t h e  r e f l e c t a n c e  p r o p e r t i e s  
o f  t h e  l e a v e s  t h e m s e l v e s .
-  1 1 8  -
The g e n e r a l  a r rangem ent  o f  t h e  l e a f ,  with  c e l l s  o f  w a l l s  which 
a r e  o f  h y d ra te d  c e l l u l o s e  and s p a c e s  f i l l e d  w i th  w a te r ,  a i r  and 
s t r u c t u r e s  ap p ro a ch in g  t h e  w ave leng th  of  t h e  i n c i d e n t  ( 0 . 4  -  0 ,9 )  
r a d i a t i o n  r e s u l t s  i n  a h igh  d e g re e  o f  m u l t i p l e  r e f l e c t i o n  o f  t h e  
l o n g e r  wave (0 ,7  -  0 , 9 ) r a d i a t i o n  which i s  n o t  absorbed  w i th in  
th e  l e a f .  F ig u r e s  5,5» 5*6 and 5 ,7  (15) show t h e  r e l a t i o n s h i p  
between w a te r  a b s o r p t i o n  and l e a f  a b s o r p t i o n ;  t h e  e f f e c t s  o f  
d i f f e r e n t  m o i s t u r e  l e v e l s  and t h e  d i f f e r e n c e  in  r e f l e c t a n c e  
s p e c t r a  between corn  and soya beans r e s p e c t i v e l y .  A l l  t h e  f i g u r e s  
show th e  i n c r e a s e s  in  r e f l e c t a n c e  a t  (0 ,55  snd 0 .7 4 )  as a 
r e s u l t  o f  t h e  p r e s e n c e  o f  c h l o r o p h y l l  and m u l t i p l e  s c a t t e r i n g  
r e s p e c t i v e l y ,
5 .6  E x t e r n a l  F a c t o r s  A f f e c t i n g  t h e  R e f l e c t a n c e  P r o p e r t i e s  
o f  V e g e ta t i o n
Leaf m a t u r i t y  i s  t h e  most im p o r t a n t  f a c t o r  a f f e c t i n g  l e a f  r e ­
f l e c t a n c e  and i s  t r e a t e d  as  an e x t e r n a l  e f f e c t  because  i t  i s  
d i r e c t l y  r e l a t e d  to  t h e  l o c a l  env ironment  i n  which t h e  v e g e t a t i o n  
i s  fo u n d .  The r e f l e c t a n c e  s p e c t r a  from a v e g e t a t i o n  canopy a l t e r s  
wi th  m a t u r i t y  n o t  o n ly  as  a r e s u l t  o f  changes  o f  t h e  v e g e t a t i o n  
but a l s o  as a consequence  o f  d i f f e r e n t  p r o p o r t i o n s  o f  v e g e t a t i o n  
and u n d e r l y i n g  t e r r a i n  occupy ing  th e  f i e l d  o f  view o f  t h e  s e n s o r .
B l i g h t  and i n s e c t  i n f e s t a t i o n  a l t e r  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  
o f  t h e  l e a f  ( s i z e  and t e x t u r e )  and t h e  r e f l e c t a n c e  e f f e c t s  
a s s o c i a t e d  with  l e a f  decay a r e  s e e n .
I n c r e a s i n g  v/ater m o i s tu r e  c o n t e n t  d e c r e a s e s  t h e  r e f l e c t a n c e  o f  
v e g e t a t i o n  ( 7 ) ,  t h e  change in  t h e  r e f e r e n c e  quo ted  b e in g  t y p i c a l l y  
o f  t h e  o r d e r  o f  + 3 %  in  t h e  p e r c e n t a g e  r e f l e c t i o n  a t  0 ,5 5  which 
was 1 1 % ,
The e f f e c t s  o f  m o i s t u r e  s t r e s s  on co rn  l e a v e s  a r e  shown in  
F ig u re  5 , 6  b u t  i t  a p p e a r s  t h a t  t h e  samples were t a k e n  from corn
-  119  -
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Effects of Differences in Moisture Content on Leaf Refleetance Spectra.
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i n  d i f f e r e n t  s t a t e s  o f  m a t u r i t y  and th e  changes  may no t  be due 
e n t i r e l y  t o  m o i s tu r e  c o n t e n t .
M inera l  t o x i c i t i e s  have been seen  to  a f f e c t  t h e  r e f l e c t a n c e
s p e c t r a  o f  v e t e t a t i o n  ( 8 ) ,  (9)» (10) and a r e  more f u l l y  d i s c u s s e d
in  C hap te r  8 . 
i
W hils t  i t  i s  p o s s i b l e  t o  induce  t h e  s t r e s s e s  o f  b l i g h t ,  w a te r  
c o n t e n t  and m i n e r a l i s a t i o n  i n t o  v e g e t a t i o n  under  l a b o r a t o r y  
c o n d i t i o n s ,  in  n a t u r e  t h e  s t r e s s e s  b u i l d  up ove r  a p e r i o d  o f  t im e  
and a l s o  m a n i f e s t  th e m s e lv e s  i n d i r e c t l y  a s  changes  in  m a t u r i t y  
or  growth v i g o u r ,
5 .7  The D e t e c t i o n  o f  V i s i b l e  and Near I n f r a - R e d  R a d i a t i o n
The p r e s e n t  s tu d y  made use o f  p h o to g r a p h ic  systems t o  s e n s e  t h e  
(0.4-5 -  0 . 9 )  r a d i a t i o n  bu t  m u l t i - s p e c t r a l  s c a n n e r s  ( see  
s e c t i o n  3*3 f o r  a d e s c r i p t i o n  o f  a s i n g l e  d e t e c t o r  s c a n n e r )  have 
found fa v o u r  where t h e  i n f o r m a t i o n  needs  to  be a b s o l u t e l y  c a l i b ­
r a t e d  a n d /o r  t r a n s m i t t e d  over  a d a t a  l i n k .
The lower w av e len g th  l i m i t  o f  p h o to g r a p h ic  systems ( - ^ 0 , 4-^»^ )^ i s  
imposed by t h e  s e v e r e  R ay le igh  s c a t t e r i n g  o f  r a d i a t i o n  by t h e  
e a r t h ’ s a tmosphere  w h i l s t  a t  l.Oy^m no t  on ly  do t h e  f i l m  and l e n s  
c h a r a c t e r i s t i c s  show a r a p i d l y  d e c l i n i n g  s e n s i t i v i t y  b u t  a l s o  t h e  
e x t r a  i n f o r m a t i o n  g a in e d  over  t h a t  s en sed  a t  0 ,9  /lew i s  m in im a l .
The f i l m s  used in  th e  A u s t r a l i a n  s e c t i o n  o f  t h e  s tu d y  a r e  shown 
in  T ab le  2 ,1  t o g e t h e r  v/ith t h e i r  r e l a t i v e  speeds  and r e s o l u t i o n s .
C onven t iona l  c o l o u r  f i l m s  t e n d  t o  be te rmed ’t r u e - c o l o u r ’ f i l m s  
whereas  i n f r a - r e d  s e n s i t i v e  c o lo u r  f i l m s  which r e c o r d  g re e n  o b j e c t s  
as b l u e ;  r e d  o b j e c t s  as g re e n ;  and i n f r a - r e d  ( r e f l e c t i n g )  o b j e c t s  
as r e d  a r e  r e f e r r e d  to  as  ’ f a l s e - c o l o u r ’ f i l m s  ( 11) .
-  1 2 1  -
The s e n s i t i v i t i e s  o f  t h e  l a y e r s  on th e  c o lo u r  f i l m s  -  F ig u r e  2.1 
a r e  such  t h a t  each f i l m  s e n s e s  t h r e e  wide wavebands,  a l t h o u g h  a 
ye l lo w  f i l t e r  i s  used  in  c o n j u n c t i o n  with  th e  f a l s e  c o lo u r  f i l m  
where the  i n f r a . - r e d  l a y e r  needs  t o  be s h i e l d e d  from t h e  b lu e  
l i g h t  t o  which i t  i s  a l s o  s e n s i t i v e .  A f t e r  p r o c e s s i n g ,  t h e  dyes  
a s s o c i a t e d  w i th  t h e  c o l o u r  s e n s i t i v e  l a y e r s  a r e  such  t h a t  each 
waveband sensed  can be ' e x t r a c t e d '  by t h e  a p p r o p r i a t e  p r im ary  
f i l t e r  -  see  Table  5*2 and F i g u r e  2 . 2 .
TABLE 5 . 2  Showing t h e  waveband e x t r a c t e d  from t h e  c o l o u r  f i l m s  
with  a p a r t i c u l a r  p r im ary  c o lo u r  f i l t e r _______________










Red Red I n f r a - R
In  t h e  case  o f  t h e  b l a c k  and w h i te  PanF f i l m s  t h e  l i g h t  was 
f i l t e r e d  b e f o r e  i t  r e a ch e d  t h e  emuls ion  u s i n g  W ra t ten  Green and 
Yellow f i l t e r s  -  t h e  l a t t e r  r e s u l t i n g  in  r e d  and g reen  r a d i a t i o n  
b e i n g  r e c o r d e d .
The bandwid ths  o f  t h e  r e g i o n s  s e n s e d  were c o n s e q u e n t ly  a few 
100 ' s  o f  nanom et res  w i th  i l l - d e f i n e d  c u t - o f f s  ( (12 )  and F ig u r e  2 . 1 ) ,  
Narrower bandwid ths  wi th  s h a r p e r  c u t - o f f s  a r e  o b t a i n a b l e  w i th  
i n t e r f e r e n c e  f i l t e r s  -  see  Appendix A -  b u t  t h e  bandwid ths  o f  
15 vjiw would have r e s u l t e d  in  a s e v e r e  l o s s  o f  r e s o l u t i o n  as  a 
r e s u l t  o f  t h e  v e r y  h igh  speed  f i l m s  r e q u i r e d .
— 1 2 2  —
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6 ANALYSIS: THEORETICAL
To th e  eye ,  v e g e t a t i o n  s p e c i e s  such  as  g r a s s e s  and bushes  can 
be e a s i l y  d i s t i n g u i s h e d  and, t o  t h e  e x p e r t ,  c rop  ty p e s  and s t a t e s  
o f  m a t u r i t y  can be a s s e s s e d .
The manner in  which t a r g e t s  a r e  f i r s t  d i s t i n g u i s h e d  between and 
th e n  l a t e r  c l a s s i f i e d  i s ,  in  humans a t  l e a s t ,  a complex p h y s i o ­
l o g i c a l  p r o c e s s  ( 1) bu t  a n a l o g i e s  o f  human d e c i s i o n  p r o c e s s e s
h e lp  to  d e m o n s t r a t e  th e  approach used in  t h e  a n a l y s i s / c l a s s i f i c a t i o n .
6 .1  A n a ly s i s  by D i s c r i m i n a t i o n
An approach  t o  t h e  a n a l y s i s  o f  an a r e a  o f  t e r r a i n  might c o n s i s t  
o f  examin ing  two a r e a s  (which happen s e p a r a t e l y  t o  c o n s i s t  o f  
g r a s s e s  and b u s h e s ) ,  t h e  o b j e c t  o f  th e  a n a l y s i s  b e in g  to  d e t e r ­
mine w he ther  the  tv;o t a r g e t  a r e a s  a r e  s i m i l a r  o r  d i f f e r e n t .  The 
te rm s  * s i m i l a r ’ and ’ d i f f e r e n t *  would be dependen t  upon t h e  
t a r g e t s  b e in g  c o n s i d e r e d  but might be r e l a t e d  t o  t h e i r  p e r c e n t a g e  
r e f l e c t a n c e  i n  t h e  i n f r a - r e d  (0 . 7  -  0 . 9 ) o r  t o  t h e  h e i g h t s  o f  
t a r g e t s  above t h e  g round .  The emphas is  o f  t h i s  approach  i s  t h e  
d i s c r i m i n a t i o n  be tween t a r g e t s  on th e  b a s i s  of  d a t a  r e l a t i n g  to  
them.
6 . 2  A n a ly s i s  by i d e n t i f i c a t i o n
A d i f f e r e n t  a n a l y s i s  p ro c e d u re  cou ld  r e q u i r e  t h a t  t h e  two t a r g e t s  
be p o s i t i v e l y  i d e n t i f i e d  r a t h e r  th a n  be d i s c r i m i n a t e d  from each 
o t h e r .  In  t h e  c a se  o f  a human o b s e r v e r  th e  p r o c e s s  i s  v i r t u a l l y  
i n t u i t i v e  and c o n s i s t s  o f  compar ing  th e  t a r g e t s  w i th  known t a r g e t s  
p r e v i o u s l y  e n c o u n te re d  and i d e n t i f i e d .  S i m i l a r l y  a ’m ach in e ’ 
d e c i s i o n  i s  th e  r e s u l t  o f  c o r r e l a t i n g  measurements o f  t h e  t a r g e t s  
w i th  t h o s e  o f  known t a r g e t s .  D i s c r i m i n a t i o n  o f  t h e  t a r g e t s  i s  
n o t  im p l ie d  by t h i s  ap p ro ach .  In  bo th  approaches  t h e r e  w i l l  be 
a measure  of  u n c e r t a i n t y  r e l a t e d  t o  t h e  e v e n tu a l  r e s u l t .
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6 ,3  The P a ram e te r s  used f o r  T a rg e t  A n a ly s i s
W ith in  t h e  scope o f  t h e  p r e s e n t  s tu d y  th e  p a r a m e te r s  used  f o r  
c l a s s i f i c a t i o n  a r e  t h e  c o r r e s p o n d i n g  d e n s i t i e s  on th e  f i l m s  -  
and f i l m  l a y e r s  in  t h e  case  o f  a c o lo u r  f i l m  -  which a r e  in  t u r n  
a f u n c t i o n  o f  th e  r e f l e c t a n c e  p r o p e r t i e s  o f  t h e  t a r g e t  ove r  t h e  
waveband(s) b e in g  s e n s e d .
The d i f f e r e n c e s  i n  v a l u e ,  chroma and hue o f  o b j e c t s  whether  th ey  
be v e g e t a t i o n ,  s o i l s  o r  ro c k s  a r e  a p p r e c i a t e d  t o  some e x t e n t  by 
th e  eye bu t  the  s u b t l e t i e s  o f  t h e  r e f l e c t a n c e  s p e c t r a  a r e  reduced  
by t h e i r  i n t e g r a t i o n  over t h e  (0 ,4 5  -  0 ,7 0 )  jxsn band by t h e  eye and 
b r a i n .
However, a c o n s i d e r a b l e  number o f  r a d i o m e t r i c  s t u d i e s  have shown 
t h a t  on th e  b a s i s  o f  t h e i r  r e f l e c t a n c e  s p e c t r a ,  v e g e t a t i o n ,  s o i l  
and ro c k s  ty p e s  can t h e o r e t i c a l l y  be i d e n t i f i e d  (2) -  t h u s  f o r  
example i t  would ap p ea r  p o s s i b l e  to d i f f e r e n t i a t e  between s e v e r a l  
p a r t i c u l a r  gen e ra  o f  p l a n t s  by m easu r ing  t h e i r  r e f l e c t a n c e  co­
e f f i c i e n t s  a t  550 which r a n g e  from 8% t o  2 0 f o  ( 3 ) .
In  g e n e r a l ,  t h e  t a r g e t s  e i t h e r  be tween which d i s c r i m i n a t i o n  i s  
sough t  o r  o f  which i d e n t i f i c a t i o n  i s  r e q u i r e d  w i l l  be numerous 
and so no s i n g l e  waveband w i l l  be c ap a b le  o f  p r o v i d i n g  a unique  
d i s c r i m i n a n t  m easu re .  The number of  wavebands sensed  by ex­
p e r i m e n t e r s  has  r a n g e d  from one ( f i l t e r e d  b l a c k  and w h i te  f i l m )  
to  24 (4) and in  t h i s  s tu d y  was e i g h t  ( p h o t o g r a p h i c a l l y  sensed)  
and one ( l i n e s c a n n e d ) ,
The in f o r m a t i o n  which i s  no t  d i r e c t l y  a p p r e c i a t e d  by t h e  human 
o b s e r v e r  i s  t h a t  from wavebands o u t s i d e  th e  v i s i b l e  spec t rum ;  in  
p a r t i c u l a r  the  ’near* i n f r a - r e d  (0 .7  -  1 .0 )  which i s  o f  
p a r t i c u l a r  r e l e v a n c e  to  v e g e t a t i o n  s t u d i e s  and th e  lo n g  wave 
(3 .0  -  1 4 .0 )  r e g i o n  a s s o c i a t e d  w i th  t h e  e m i s s i v i t y  and s u r f a c e  
t e m p e r a t u r e  o f  t a r g e t s  and te rm ed  t h e  ’ the rm a l  i n f r a - r e d * .  The
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i n f o r m a t i o n  c o n t e n t  from t h e s e  two i n f r a - r e d  wavebands i s ,  in  
g e n e r a l ,  no t  r e l a t e d  d i r e c t l y  t o  t h e  t a r g e t  r e f l e c t a n c e  p r o p e r t i e s  
in  t h e  v i s i b l e  spec t rum  and i s  o f  optimum v a lu e  when used  in  
c o n j u n c t i o n  w i th  th e  l a t t e r  spec t rum  f o r  c l a s s i f i c a t i o n  p u r p o s e s .
The r e f l e c t a n c e  spec t rum  of  a t a r g e t  becomes,  when measured ,  a 
s e t  o f  samples  ove r  d i s c r e e t  wavebands and i s  r e f e r r e d  to  as t h e  
t a r g e t  S p e c t r a l  S i g n a t u r e . In  t h e  s i m p l e s t  c a s e ,  c l a s s i f i c a t i o n  
c o n s i s t s  of a l l o c a t i n g  a t a r g e t  to  a c a t e g o r y  on th e  b a s i s  o f  t h e  
p p e c t r a l  s i g n a t u r e .  However, t h e  s p e c t r a l  s i g n a t u r e  i s  no t  
n e c e s s a r i l y  un ique  to  a p a r t i c u l a r  ty p e  o f  t a r g e t  and,  a l t h o u g h  
i d e n t i c a l  t a r g e t s  w i l l  have i d e n t i c a l  s p e c t r a l  s i g n a t u r e s ,  t h e  
c o n v e r se  does no t  a u t o m a t i c a l l y  f o l l o w .  For example a b l a c k  and 
w h i te  pho tog raph  w i l l  r e c o r d  many t a r g e t s  as  t h e  same g re y  to n e
i . e .  i d e n t i c a l  s p e c t r a l  s i g n a t u r e s ,  y e t  th e y  need no t  be i d e n t i c a l .
For a g iven  waveband under c o n s i d e r a t i o n  t h e r e  w i l l ,  i n  p r a c t i c e ,  
be a f i n i t e  r an g e  of  v a l u e s  t h a t  the  measured p a ram e te r  ( e . g .
% r e f l e c t a n c e )  can t a k e .  The comple te  s e t  of  v a l u e s  i s  te rm ed  
th e  Measurement V e c t o r .
Hence t h e  d e f i n i t i o n  o f  a s p e c t r a l  s i g n a t u r e  can be t h e  n  v a l u e s  
a s s o c i a t e d  w i th  t h e  n. measurement v e c t o r s  which were t h e  r e s u l t  
o f  o b s e r v i n g  th e  t a r g e t .  ( I n  t h i s  s tu d y  th e  t e rm  O b se rv a t io n  i s  
used  t o  d e s c r i b e  t h e  s p e c t r a l  s i g n a t u r e  d e r i v e d  from t h e  m u l t i -  
s p e c t r a l  camera a r r a y ) .
The YL measurement v e c t o r s  a r e ,  f o r  c o n v en ien ce ,  c o n s i d e r e d  a t  
t h i s  s t a g e  to  be o r th o g o n a l  and from t h e  concep t  of i d e n t i c a l  
t a r g e t s  o u t l i n e d  above,  i d e n t i c a l  t a r g e t s  w i l l  be found a t  th e  
same p o s i t i o n  in  t h e  tv d im e n s io n a l  (n-D) s p a c e ,  r e f e r r e d  to  a s  
measurement (m) s p a c e ,  which t h e  v e c t o r s  span .
In p r a c t i c e  a p a r t i c u l a r  t a r g e t  w i l l  be c h a r a c t e r i s e d  by a s e r i e s  
o f  o b s e r v a t i o n s  and f o r  a g iv e n  v e c t o r  t h e  o b s e r v a t i o n s  w i l l  t a k e
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on a g a u s s ia n  ty p e  d i s t r i b u t i o n ,  th e  t a r g e t  b e in g  r e p r e s e n t e d  
by a m u l t i - v a r i a t e  g a u s s ia n  ’ cloud* r a t h e r  th an  a p o in t  in  m 
s p a c e .  Consequen t ly  a c o l l e c t i o n  o f  d i f f e r e n t  t a r g e t s  when 
’p r o j e c t e d ’ in  m -space  w i l l  t a k e  on th e  appea rance  o f  a number o f  
c lo u d s  which may or  may n o t  o v e r l a p  depending  upon t h e i r  s p e c t r a l  
s i g n a t u r e s .
The manner and form which t h e  a n a l y s i s  o f  th e  m-space t a k e s  i s  
dependen t  upon t h e  a p r i o r i  knowledge a v a i l a b l e  about th e  t a r g e t s ;  
' the c h o ic e  l i e s  p r i m a r i l y  between a s u p e r v i s e d  or  u n s u p e r v i s e d  
ap p ro ach .
6 . 4  S u p e rv i s e d  L e a rn in g  Approach to  m-space  A n a ly s i s
The s u p e r v i s e d  approach  i s  a p p l i c a b l e  when t h e r e  e x i s t s  a s e t  
o f  o b s e r v a t i o n s  made on known t a r g e t s .  Th is  e n a b le s  t h e  n-D 
m-space  t o  be p a r t i t i o n e d ,  each  p a r t i t i o n  r e p r e s e n t i n g  th e  r e g i o n  
c h a r a c t e r i s e d  by a p a r t i c u l a r  t a r g e t  t y p e .  The p a r t i t i o n  boun­
d a r i e s  r e p r e s e n t  t h e  s u r f a c e s  in  n-D a t  which t h e r e  i s  an equa l  
p r o b a b i l i t y  o f  a p o i n t ,  f a l l i n g  on t h e  boundary ,  be in g  a s s o c i a t e d  
w i th  t h e  two p a r t i t i o n s  on e i t h e r  s i d e  o f  i t .  The p a r t i t i o n  
b o u n d a r i e s  t h e m se lv e s  a r e  d e r i v e d  from t h e  p r o b a b i l i t y  f u n c t i o n s  
f u n c t i o n s  a s s o c i a t e d  wi th  t h e  d i f f e r e n t  t a r g e t s .
An unknown p o i n t  i s  c l a s s i f i e d  by means o f  i t s  r e l a t i v e  p o s i t i o n  
in  m -sp ace .  The c l a s s i f i c a t i o n  p ro c e d u re  d e r i v e s  a p r o b a b i l i t y  
s c o r e  of  i t s  membership t o  each of t h e  s e v e r a l  p a r t i t i o n s ;  t h e  
h i g h e s t  p r o b a b i l i t y  im p ly ing  membership o f  t h a t  p a r t i c u l a r  p a r ­
t i t i o n .
In  p r a c t i c e  th e  app roach  has  been to  c o l l e c t  imagery ove r  a r e a s  
such as a g r i c u l t u r a l  l a n d  ( 5 ) ,  ( 6 ) .  A ’t r a i n i n g  s e t ’ , e . g .  a 
s e t  o f  f i e l d s  f o r  which ground t r u t h  i s  a v a i l a b l e ,  i s  used  t o  
d e te r m in e  t h e  p r o b a b i l i t y  f u n c t i o n s  a s s o c i a t e d  wi th  each  f i e l d  
ty p e  and th e  rem a inde r  of  t h e  imagery  c l a s s i f i e d  u s in g  Bayes ian  (5)
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or  o t h e r  ’ l i k e l i h o o d ’ ( 6 ) ,  (8) c r i t e r i a  which o p e r a t e  on t h e  
p r o b a b i l i t y  f u n c t i o n s .
S e v e r a l  drawbacks a r e  a s s o c i a t e d  w i th  s u p e r v i s e d  l e a r n i n g :
( i )  The t r a i n i n g  s e t s  must be r e p r e s e n t a t i v e  a n d /o r
ty jp ica l  o f  t h o s e  unknown t a r g e t s  in  t h e  rem a inder  
o f  t h e  im agery .
( i i )  The number o f  i d e n t i f i a b l e  t a r g e t  ty p e s  can a t  b e s t
, equal  t h e  number of  t r a i n i n g  s e t s  used  ( s u b j e c t  t o
t h e  i n c l u s i o n  o f  an e x t r a  c l a s s  te rmed ’u n c l a s s i f i e d ’ ) .
( i i i )  The d i s t r i b u t i o n s  on which t h e  p r o b a b i l i t y  f u n c t i o n s
a r e  based  and t h e  d e c i s i o n  c r i t e r i a  d e r i v e d  from 
them assume G auss ian  ty p e  d a t a  d i s t r i b u t i o n s .  T h i s  
may no t  be t h e  c a s e  and t h e  r e s u l t i n g  p a r t i t i o n i n g  
may t h e r e f o r e  be s u b - o p t im a l  ( 7 ) •
I n d i r e c t l y  ( i i i )  above i s  a j u s t i f i c a t i o n  f o r  a p p ly in g  a method 
o f  s u p e r v i s e d  l e a r n i n g  f o r  w i th o u t  a p r i o r i  knowledge as  t o  t h e  
form which th e  p r o b a b i l i t y  f u ê a t i o n s . t a k e ,  th e  a n a l y s i s  assumes 
a g a u s s i a n  t y p e .  However, from th e  t r a i n i n g  s e t s  a d e c i s i o n  
c r i t e r i o n  b a sed  on t h e i r  p a r t i c u l a r  p r o b a b i l i t y  f u n c t i o n s  c o u ld  
be d e r i v e d  u s i n g  s u p e r v i s e d  l e a r n i n g .
The a d v an ta g e s  o f  s u p e r v i s e d  l e a r n i n g  a r e  i t s  sp eed  o f  a p p l i c a t i o n  
and t h e  a b i l i t y  t o  i n t e r f a c e  a man wi th  th e  mach ine .
The n eed  to  e x t r a c t  t h e  t r a i n i n g  s e t s  from t h e  s e v e r a l  m egab i t s  
o f  o t h e r  d a t a  c o n t a i n e d  in  a g iv en  scen e  has r e s u l t e d  i n  l i n e -  
p r i n t e r  o r  v i s u a l  d i s p l a y  u n i t s  b e in g  d e v e lo p e d .  The l a t t e r  n o t  
only  a l lo w  i n t e r a c t i v e  g r a p h i c s  bu t  a l s o  p e rm i t  an o n - l i n e  a s s e s s ­
ment o f  any changes  i n  d e c i s i o n  c r i t e r i a  which th e  e x p e r im e n t e r  
may make. As t h e  d e c i s i o n  c r i t e r i a  o p e r a t e s  on each o b s e r v a t i o n  
s e p a r a t e l y  and in  t u r n ,  i t  i s  p o s s i b l e  (9) t o  r e p l a y  t h e  d a t a  
( n o r m a l ly  s t o r e d  on m agnet ic  t a p e )  th ro u g h  an ana logue  c l a s s i f i e r .
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The r e s u l t s  can th e n  be p ro c e s s e d  and d i s p l a y e d  in  r e a l - t i m e  
where t h e  analogue  d e c i s i o n  ne twork  i s  s l a v e d  t o  a d i g i t a l  computer 
which d e r i v e s  t h e  i n i t i a l  p r o b a b i l i t y  f u n c t i o n s  from t h e  t r a i n i n g  
s e t s .  Hybrid d i g i t a l / a n a l o g u e  i n t e r a c t i v e  machines  u s i n g  s u p e r ­
v i s e d  l e a r n i n g  t e c h n i q u e s  ap p ea r  to  r e p r e s e n t  t h e  more advanced 
approach  to  image p r o c e s s i n g  ( 1 0 ) .
6 .5  U nsupe rv i sed  L ea rn ing  Approach t o  m-space A n a ly s i s
The s u p e r v i s e d  l e a r n i n g  method p a r t i t i o n s  measurement space  w i th o u t  
r e c o u r s e  to  any a p r i o r i  knowledge of  t h e  t a r g e t s  o r  o f  t h e i r  
t y p e s .
E a r l i e r  i t  was s t a t e d  t h a t ,  a t  l e a s t  t h e o r e t i c a l l y ,  t h e  o b s e r ­
v a t i o n s  on a group o f  s i m i l a r  t a r g e t s  would form a m u l t i - v a r i a t e  
Gauss ian  d i s t r i b u t i o n  in  m-space w i th  d i f f e r e n t  t y p e s  o f  t a r g e t s  
o c c u r r i n g  in  s e p a r a t e  r e g i o n s  o f  t h e  s p a c e .  Hence th e  c l a s s i f i c ­
a t i o n  p ro ced u re  cou ld  be c o n s i d e r e d  as i s o l a t i n g  t h e  c l u s t e r  o f  
p o i n t s  which forms a g iven  d i s t r i b u t i o n  and t h e n  c o r r e l a t i n g  i t  
with  a p a r t i c u l a r  t a r g e t  t y p e .
S e a r c h in g  f o r  t h e  r e g i o n s  in  measurement space  i n  which t h e  c l u s t e r s  
f a l l  i s  mere ly  o p e r a t i n g  on t h e  d a t a  w i th o u t  r e f e r e n c e  to  t r a i n i n g  
s e t s  or  th e  l i k e  and i s  r e f e r r e d  to  as c l u s t e r  a n a l y s i s  o r  un­
s u p e r v i s e d  l e a r n i n g .  The t e c h n i q u e  was used  e x c l u s i v e l y  i n  t h e  
p r e s e n t  s tu d y  and a s  a consequence  i s  d i s c u s s e d  i n  more d e t a i l .
6 .6  C l u s t e r  A n a ly s i s
In  g e n e r a l  t e rm s  c l u s t e r  a n a l y s i s  t e c h n i q u e s  can be a p p l i e d  to  
any ty p e  o f  d i s t r i b u t i o n  o f  o b s e r v a t i o n s  i n  m-space (11) bu t  
e a r l i e r  i t  was s t a t e d  t h a t  c l u s t e r s  in  th e  form o f  Gauss ian  
c lo u d s  were most p r o b a b l e .  Th is  i m p l i e s  t h a t  c e r t a i n  r e l a t i o n ­
s h i p s  e x i s t  f i r s t l y  be tween p o i n t s  b e lo n g in g  to  th e  same c l u s t e r  
cind, s e c o n d l y ,  be tween d i f f e r e n t  c l u s t e r s .  The m a them at ica l  
f o r m u l a t i o n  o f  t h e  r e l a t i o n s h i p s  forms the  b a s i s  o f  t h e  p a r t i t i o n  
p r o c e s s e s ,
-  1 2 ?  -
The one d im en s io n a l  e x p r e s s i o n  o f  t h e  Gauss ian  d i s t r i b u t i o n  
f ( x )  i s  of  t h e  form:
^ (->c) = Fie 6.1
where; %: i s  t h e  mean v a lue  o f
f t .  4 f o r  a n o r m a l i s e d  d i s t r i b u t i o n
■W=-! where 6* i s  t h e  r o o t  mean s q u a r e  d e v i a t i o n  o f  x
The p r o b a b i l i t y ,  P, t h a t  an o b s e r v a t i o n  w i l l  f a l l  be tween — 
u n i t s  of  th e  mean, x  i s  g iven  by:
. X =: X.+ tc?
n
I
X = X '  tc?
6.2
This  i s  r e d u c ed  by t h e  s u b s t i t u t i o n ;
T ~  =
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6 . 3
T a b l e s  e x i s t  f o r  t h e  v a l u e  of  P over  a range  o f  t  and hence  t h e  
p r o b a b i l i t y  of a p a r t i c u l a r  o b s e r v a t i o n  be ing  a s s o c i a t e d  w i th  
a g iv e n  d i s t r i b u t i o n  can be o b t a i n e d .
Most c l u s t e r i n g  r o u t i n e s  do n o t  u t i l i s e  d i r e c t l y  t h e  r e l a t i o n ­
s h i p s  of  ^equations  6 ,1  and 6 .3  bu t  draw on th e  concep t  im p l i e d  
by them of  t h e  form which t h e  c l u s t e r s  t a k e  i n  m-space .
Fu n d am en ta l ly  d i f f e r e n t  methods ,  te rmed Agglomera t ive  and D i v i s i v e ,  
can be used  w i t h i n  c l u s t e r  a n a l y s i s  r o u t i n e s .
6 . 7 . 1  Agg lom éra t ive  ( f u s i o n )  C l u s t e r  A n a ly s i s
Each o b s e r v a t i o n  i s  t r e a t e d  as an i n d i v i d u a l  and c l u s t e r s  a r e  b u i l t  
up by a s s o c i a t i n g  d i f f e r e n t  o b s e r v a t i o n s  w i th  each o t h e r ,  i . e .  
i n i t i a l l y  t h e r e  a r e  as  many p a r t i t i o n s  of m-space  as t h e r e  a re  
o b s e r v a t i o n s  and a t  each s t e p  t h e  number o f  p a r t i t i o n s  i s  r e d u ced  
by one as most s i m i l a r  o b s e r v a t i o n s  o r  g roups  o f  o b s e r v a t i o n s  a r e  
a s s o c i a t e d  t o g e t h e r  w i t h i n  a common p a r t i t i o n  c e l l .
The need  to  f i n d  most s i m i l a r  o b s e r v a t i o n s  i m p l i e s  an N ( N - l ) / 2  
s i z e d  s i m i l a r i t y  m a t r i x  w h i l s t  t h e  number o f  s t e p s  r e q u i r e d  t o  
r e d u c e  t h e  i n i t i a l  N p a r t i t i o n s  t o  M i s  (N-M),
6 . 7 . 2  D i v i s i v e  C l u s t e r  A n a ly s i s
D i v i s i v e  r o u t i n e s  c o n s i d e r  m-space  as a s i n g l e  p a r t i t i o n  and th e n  
s u b d i v i d e  i t  i n t o  th e  two most d i s s i m i l a r  p a r t i t i o n s .  These 
p a r t i t i o n s  can be f u r t h e r  s u b d i v i d e d ,  the  p r o c e s s  c o n t i n u i n g  
u n t i l  f i n a l l y  each p a r t i t i o n  has  on ly  one o b s e r v a t i o n  a s s o c i a t e d  
w i th  i t .  The a d v a n ta g e s  o f  such r o u n t i n e s  over a g g lo m e ra t iv e  
a p p ro a ch e s  a r e  t h a t  t h e  number o f  s t e p s  r e q u i r e d  to  o b t a i n  Ii 
p a r t i t i o n s  i s  ( m- 1) and t h e r e  i s  no need f o r  a l a r g e  m a t r i x  
t o  s t o r e  s i m i l a r i t y / d i s s i m i l a r i t y  m easu res .
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6 . 8  H i e r ^ c h i c a l  and I t e r a t i v e  R e l o c a t io n  C o n s i d e r a t i o n s
The a g g lo m e r a t iv e  and d i v i s i v e  r o u t i n e s  d i s c u s s e d  e a r l i e r  have 
been t r e a t e d  in a h i e r a r c h i c a l  manner in  t h a t  each merging or 
d i v i s i o n  of  p a r t i t i o n s  was c o n s i d e r e d  as an i r r e v o c a b l e  s t e p .
However, a l t h o u g h  each  s t e p  in  i t s e l f  i s  d e s ig n e d  to  o p t im i s e  
t h e  l o c a l  r e q u i r e m e n t s  of  s i m i l a r i t y  o r  d i s s i m i l a r i t y ,  i n  te rm s  
o f  t h e  s i t u a t i o n  th ro u g h o u t  t h e  whole o f  m-space t h e  s t e p  cou ld  
w el l  be s u b - o p t i o n a l .
For example th e  s i t u a t i o n  in  F ig u r e  6 .1  would r e s u l t  a f t e r  a 
d i v i s i o n  o f  t h e  f i r s t  p a r t i t i o n  in  B b e in g  su b d iv id e d  i n t o  B* 
and B".  C onsequen t ly  c l u s t e r  B would never  be a s i n g l e  e n t i t y  
as  f u r t h e r  d i v i s i o n s  could  r e s u l t  i n ,  f o r  example ,  th e  p a r t i t i o n i n g  
o f  (A+B*) and (C+B").  S i m i l a r l y  an a g g lo m e ra t iv e  r o u t i n e  a p p l i e d  
to  t h e  two o v e r l a p p i n g  d i s t r i b u t i o n s  A and B shown in  F i g u r e  6 ,2  
would r e s u l t  in  c l u s t e r s  fo rming  in  a r e a s  1 , 2 and 3 (deno ted  by 
d o t t e d  l i n e s )  where t h e  c l u s t e r  c e n t r e s  and o v e r l a p  a r e  t h e  t h r e e  
most dense  r e g i o n s  in m -space ,  When o n ly  t h r e e  p a r t i t i o n s  rem ain ,  
th e  c l u s t e r  co re s  would be in  t h e  c e n t r e s  o f  r e g i o n s  1 , 2 and 3 
w h i l s t  t h e  nex t  s t e p  would be t o  combine say  2 and 3 whereas  t h e  n e a r  
optimum s o l u t i o n  would be f o r  2 t o  be s u b d iv id e d  and i t s  members 
s h a r e d  between 1 and 3 .
A method o f  o p t i m i s i n g  th e  p a r t i t i o n s  a f t e r  d i v i s i o n  o r  a g g lo ­
m e ra t i o n  ( f u s i o n )  i s  to  employ an i t e r a t i v e  r e l o c a t i o n  r o u t i n e .
A f t e r  each s t e p ,  e i t h e r  one of  f u s i o n  or  d i v i s i o n ,  a l l  t h e  p a r ­
t i t i o n s  a r e  examined by c o n s i d e r i n g  each o b s e r v a t i o n  in  t u r n  and 
r e a s s o c i a t i n g  i t  w i th  a n o t h e r  p a r t i t i o n  shou ld  the  a p p r o p r i a t e  
s i m i l a r i t y  o r  d i s s i m i l a r i t y  measure  be improved. Each o b s e r ­
v a t i o n  h av in g  been examined and p o s s i b l y  r e a s s o c i a t e d ,  t h e  e n t i r e  
s e t  o f  o b s e r v a t i o n s  i s  r e -ex am in ed  and f u r t h e r  r e a l l o c a t i o n s  
made i s  n e c e s s a r y .  The p r o c e s s  i s  r e p e a t e d  u n t i l  a s t a b l e  s i t ­
u a t i o n  i s  r e a c h e d  and th e n  f u s i o n  or  d i v i s i o n ,  fo l lo w e d  by t h e  
r e l o c a t i o n  r o u t i n e ,  t a k e s  n l a c e .
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In  a d d i t i o n  to  t h e  o p t i m i s a t i o n  o f  a g iven  number o f  p a r t i t i o n s ,  
two o t h e r  b e n e f i t s  a r i s e  when a r e l o c a t i o n  r o u t i n e  i s  used  in  
c o n j u n c t i o n  w i th  a f u s i o n  r o u t i n e .  Whereas f o r  h i e r a r c h i c a l  
f u s i o n  t h e  i n i t i a l  number o f  p a r t i t i o n s  e q u a l l e d  t h e  number of  
o b s e r v a t i o n s ,  r e l o c a t i o n  and f u s i o n  p e rm i t  a p a r t i t i o n i n g  o f  t h e  
o b s e r v a t i o n s  e i t h e r  randomly o r  on t h e  b a s i s  of  a p r i o r i  knowledge 
t o  be i n p u t ,  t h e  number of p a r t i t i o n s  b e in g  c o n s i d e r a b l y  l e s s  
t h a n  t h e  number o f  o b s e r v a t i o n s .  The p a r t i t i o n s  a r e  th e n  f i r s t  
o p t im i s e d  b e f o r e  h i e r a r c h i c a l  f u s i o n  commences bu t  as t h e  number 
o f  i n i t i a l  p a r t i t i o n s  i s  sm al l  b o th  th e  s t o r e  r e q u i r e d  f o r  t h e  
s i m i l a r i t y  measures  and t h e  number o f  s t e p s  r e q u i r e d  t o  r e a c h  
th e  d e s i r e d  p a r t i t i o n i n g  a r e  s m a l l e r .  In  f a c t  i t  can be a rgued  
t h a t  i f  t h e  d i s t r i b u t i o n  o f  d a t a  i n  m-space i s  i n  t h e  form o f  
un ique  ' r e a l ’ c l u s t e r s  th e n  w ha tever  t h e  i n i t i a l  p a r t i t i o n i n g ,  
i d e n t i c a l  p a r t i t i o n i n g  shou ld  occu r  when t h e  number o f  p a r t i t i o n s  
e q u a l s  t h e  number o f  ’ r e a l '  c l u s t e r s .
Although in  p r a c t i c e ,  d e s p i t e  t h e  f a c t  th e  r e l o c a t i o n  r o u t i n e s  
a t t e m p t  t o  o p t i m i s e  t h e  p a r t i t i o n i n g ,  i t  i s  p o s s i b l e  t h a t  s e v e r a l  
d i f f e r e n t  s t a b l e  optimum p a r t i t i o n s  o f  m-space can e x i s t  and t h u s  
t h e  i n i t i a l  a l l o c a t i o n  of  o b s e r v a t i o n s  t o  p a r t i t i o n  c e l l s  cou ld  
a f f e c t  t h e  f i n a l  r e s u l t .
H i e r a r c h i c a l  f u s i o n  can  be c o n s i d e r e d  to  be th e  p a r t i c u l a r  form 
o f  i t e r a t i v e  r e l o c a t i o n  where no r e a l l o c a t i o n  o ccu r s  and ,  as  a 
co n sequence ,  by examin ing  t h e  d i f f e r e n c e s  between t h e  r e s u l t s  o f  
f u s i o n  r o u t i n e s  w i th  and w i th o u t  r e l o c a t i o n  a measure  o f  t h e  
s u i t a b i l i t y  of  s t r a i g h t  f u s i o n  can be o b t a i n e d .
The manner in  which t h e  r e l o c a t i o n  r o u t i n e s  would a c t  on p a r t i c u l a r  
d i s t r i b u t i o n s  can be shown w i th  t h e  a i d  o f  F ig u r e s  6 .1  and 6 . 2 ,
(1) D i v i s i o n .  Assuming t h a t  t h e  f i r s t  d i v i s i o n  o f  t h e  t h r e e  
d i s t r i b u t i o n s  in  F ig u re  6 ,1  r e s u l t e d  i n  (A+B*) and (C+B”) 
v e ry  l i t t l e  r e l o c a t i o n  would o c c u r .  However a f t e r  th e  n e x t
-  i y \
d i v i s i o n ,  of say (C+B") i n t o  C and B" r e l o c a t i o n  would recombine  
t h e  p a r t i t i o n s  such t h a t  (A+B') and C and B" would become A, C 
and (B'+B") i . e .  t h e  t h r e e  d e s i r e d  ' r e a l '  c l u s t e r s ,
( i i )  F u s io n ,  When f u s i o n  r e a c h e s  t h e  t h r e e  p a r t i t i o n  l e v e l s ,  
number 1,  2 and 3 in  F ig u re  6 . 2 ,  t h e  nex t  s t e p  would be t h e  
merger o f  2 and 3 g i v i n g  p a r t i t i o n s  1 and (2 + 3 ) .  R e l o c a t i o n  
would now r e a l l o c a t e  t h e  o b s e r v a t i o n s  p r e v i o u s l y  c o n t a i n e d  w i t h i n  
p a r t i t i o n  2 be tween c l u s t e r s  1 and 3 a l t h o u g h  o b v io u s ly  i t  would 
h o t  be p o s s i b l e  to  r e c o n s t r u c t  t h e  o r i g i n a l  c l u s t e r s  A and B 
b e cau se  o f  t h e  o v e r l a p  o f  d i s t r i b u t i o n s ,
6 ,9  S i m i l a r i t y  Measures
B efo re  o b s e r v a t i o n s  or  s e t s  o f  o b s e r v a t i o n s  can become a s s o c i a t e d  
w i th  each  o t h e r  w i t h i n  th e  same p a r t i t i o n  c e l l ,  some measure  o f  
s i m i l a r i t y  has  t o  be d e r i v e d  between them. In  g e n e r a l  t h e  s i m i l a r i t y  
measure  i s  a f u n c t i o n  o f  t h e  v a r i o u s  measurement v e c t o r s  and so f a r  
i n  t h i s  s tu d y  has  been r e l a t e d  t o  t h e  d i s t r i b u t i o n  o f  t h e  o b s e r ­
v a t i o n  w i t h i n  m -sp ace .  I f  t h e  d i s t r i b u t i o n  o f  t h e  o b s e r v a t i o n s  
i s  assumed to  be G auss ian  th e  measures  a r e  r e l a t e d  t o  t h e  p r o b a b i l i t y  
d e n s i t y  f u n c t i o n s  d i s c u s s e d  e a r l i e r  ( 6 , 6 ) .
6 , 9 . 1  E u c l id e a n  D i s t a n c e  Between O b s e rv a t io n s  (Spq)
Where P and Q a r e  t h e  two s e t s  o f  o b s e r v a t i o n s  a s s o c i a t e d  w i th  two 
d i f f e r e n t  p a r t i t i o n  c e l l s ;  and b e in g  t h e  number o f  o b s e r ­
v a t i o n s  w i th in  P and Q r e s p e c t i v e l y :  I ; ^  ^  \
The s i m i l a r i t y  m easu re ,  Sp^ i s  t h e  e u c l i d e a n  d i s t a n c e  i n  measure ­
ment sp ace  between t h e  o b s e r v a t i o n s  ( f o r  Np = Nq = 1) o r  be tween 
t h e  means o f  t h e  o b s e r v a t i o n s  ( i f  Wp a n d /o r  N q 1) .  I n  many 
c a s e s  t h e  s q u a r e  o f  t h e  e u c l i d e a n  d i s t a n c e  i s  u sed  as t h e  m easure .
Thus :
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i s  th e  number o f  measurement v e c t o r s  in v o lv e d :
V 1 i s  t h e  v a lu e  o f  t h e  b^^ measurement v e c t o r  f o r  t h e  ob-ab
s e r v a t i o n  f o r  N = 1 o r  t h e  mean o f  th e  s e t  o f  o b s e r v a t i o n s  o f  a
U , o v e r  a l l  N f o r  ^  \  1ab a 0- ^
The s q u a r e  of th e  e u c l i d e a n  d i s t a n c e  i s  a ( ) ty p e  te rm  whereas
t h e  g a u s s i a n  r e l a t i o n s h i p  be tween t h e  mean and a p a r t i c u l a r  p o in t
i s  o f  an e x p o n e n t i a l  fo rm .  Such a d i s c r e p a n c y  cou ld  be r e a d i l y
r e c t i f i e d  bu t  t h i s  does not ap p ea r  t o  have been by o t h e r  w orke rs .
Al though h i g h l y  s u i t e d  to  t h e  l i n k i n g  o f  p a i r s  o f  o b s e r v a t i o n s ,
i . e .  N = K = 1  t h e  measure  as  i t  s t a n d s  does  n o t  encourage  th e  p q
growth o f  c l u s t e r s  w i th  t i g h t l y  packed c e n t r e s  as t h e  mean o f  many 
o b s e r v a t i o n s  has  t h e  same weigh t  as  t h a t  o f  a s i n g l e  o b s e r v a t i o n .  
Thus i f  i n  F igu re  6 .3  c l u s t e r s  A and B have t h e i r  means a t  A and 
B r e s p e c t i v e l y  and AB < AC <( BC, where C i s  a s i n g l e  p o i n t ,  th en  
th e  e u c l i d e a n  d i s t a n c e  measure  would merge A and B, t h e  r e s u l t i n g  
mean p a r t i t i o n  c e n t r e  b e in g  a t  d ,  some p o i n t  be tween A and B. 
However,  i f  (A and C) or  (B and C) were t o  be merged t o g e t h e r  
w i t h i n  a s i n g l e  p a r t i t i o n ,  t h e  mean p o s i t i o n s  o f  th e  new p a r t i t i o n s  
would be v e ry  c l o s e  t o  A or  B r e s p e c t i v e l y  and t h e  compactness  o f  
t h e  p a r t i t i o n s  p r e s e r v e d .
6 . 9 . 2  E r r o r  Sum o f  Squares  S i m i l a r i t y  Measure •
The con cep t  t o  be o u t l i n e d  was f i r s t  deve loped  by Ward (12) and 
i t  endeavours  to  encourage  th e  f o r m a t i o n  o f  c l u s t e r s  w i th  t i g h t l y  
packed c e n t r e s .
I n i t i a l l y ,  i n  f u s i o n  r o u t i n e s ,  th e  s i m i l a r i t y  measures  a r e  between 
p a i r s  o f  o b s e r v a t i o n s  and t h e  e u c l i d e a n  sq u a r e d  d i s t a n c e  i s  u sed .  
However,  as soon as  two o b s e r v a t i o n s  a r e  e n c lo s e d  w i t h i n  a s i n g l e  
p a r t i t i o n  c e l l ,  t h e  c e l l  has a s s o c i a t e d  w i th  i t  a measure  o f  th e  
s i m i l a r i t y  o f  t h e  o b s e r v a t i o n s  c o n t a i n e d  w i t h i n  i t ,  and f u r th e r m o r e
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a l l  measures  between i t  and o t h e r  c e l l s  a r e  d e r i v e d  n o t  o n ly  from 
t h e  e u c l i d e a n  s q u a r e d  d i s t a n c e  b u t  a l s o  from t h e  i n t r a - c e l l  
s i m i l a r i t y  measures  ( t h e  i n - g r o u p  v a r i a n c e s ) .
Thus f o r  a c e l l  C  formed by t h e  merg ing t o g e t h e r  o f  c e l l s  C and 
D, t h e  measure between C* and a c e l l  M  ^ g iven  by:
6 . 4
where i n  g e n e r a l  S^g i s  t h e  measure  between c e l l s  A and B and 
i s  t h e  number o f  o b s e r v a t i o n s  a s s o c i a t e d  w i th  c e l l  A,
The s i m i l a r i t y  measure  i s  th e n  d e r i v e d  by:
^ P i c '  ^ ~ 6 .5
where , i s  t h e  s i m i l a r i t y  measure  between p a r t i t i o n s  A and C*,
The e f f e c t  on th e  s i m i l a r i t y  measure  when d e r i v e d  by means o f  
e q u a t i o n s  6 . 4  and 6 . f  i s  to  w e igh t  i t  in  f av o u r  o f  c l u s t e r s  w i th  
l a r g e r  numbers o f  o b s e r v a t i o n s  and to  t a k e  accoun t  o f  t h e i r  v a r i a n c e s .  
Thus f o r  two c l u s t e r s  A and B f o r  which p r e v i o u s l y  E^^ = Eg^ where 
C was a s i n g l e  o b s e r v a t i o n ,  e q u a t i o n  6 ,5  would encourage  C to  be 
merged wi th  t h e  more d i f f u s e  c l u s t e r  i . e .  t h e  c l u s t e r  fo r  which 
was g r e a t e r .
The te rm E^^, as d e f i n e d  by e q u a t i o n  6 .5  i s  o f t e n  r e f e r r e d  t o  as 
t h e  " e r r o r  te rm"  b e c a u s e ,  u n l e s s  z e r o ,  i t  i m p l i e s  t h a t  a s s o c i a t i n g  
A w i th  C* i s  t o  c o n s i d e r  as i d e n t i c a l  two d i s s i m i l a r  p a r t i t i o n s .
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I f  t h e  s i t u a t i o n  shovm in  F ig u r e  6 . 4  were t o  a r i s e  and a f u s i o n  
r o u t i n e  were b e in g  u sed ,  th e n  th e  p r o c e s s  would e v e n t u a l l y  r e s u l t  
i n  two p a r t i t i o n s  A and B. I t  i s  c l e a r  t h a t  t h e  e r r o r  t e rm  f o r  
a s s o c i a t i n g  A w i th  B w i l l  be much g r e a t e r  th a n  t h a t  p r e v i o u s l y  
e n c o u n te re d  when p a r t i t i o n s  w i t h i n  A and B were b e in g  merged. 
C o n se q u e n t ly ,  i f  t h e  d a t a  i s  d i s t r i b u t e d  in  m-space as d i s c r e e t  
c l u s t e r s  o f  o b s e r v a t i o n s ,  t h e  e r r o r  terra shou ld  i n d i c a t e  when th e  
d i s c r e e t  p a r t i t i o n s  o f  c l u s t e r s ,  r a t h e r  than  the  p a r t i t i o n s  o f  
' T e a l ' c l u s t e r  members, a r e  b e in g  merged by t h e  te rm r a p i d l y  
i n c r e a s i n g .  Such an i n d i c a t i o n  i s  o f  th e  u tm os t  v a lu e  as o t h e r ­
wise  t h e  c l u s t e r i n g  r o u t i n e  w i l l  p ro ceed  u n t i l  a l l  o b s e r v a t i o n s  
become e n c lo s e d  by th e  one same p a r t i t i o n ,
6 .1 0  D i s s i m i l a r i t y  Measures
The measure  d i s c u s s e d  i s  o f  t h e  t y p e  used  in  P o ly d iv ,  a d i v i s i v e
r o u t i n e  which has  been  dev e lo p ed  by Lance (13)*
The f i r s t  d i v i s i o n  w i l l  a t t e m p t  t o  p a r t i t i o n  t h e  m-space d i s t r i b u t i o n  
i n t o  two d i s c r e e t  d i s t r i b u t i o n s .  I f  t h e r e  were two m u l t i - v a r i a t e
g a u s s i o n  d i s t r i b u t i o n s  which d id  n o t  o v e r l a p  to  to o  g r e a t  an e x t e n t ,
t h e n  a h i s to g ra m  p l o t  o f  any p a r t i c u l a r  measurement v e c t o r  d e n s i t y  
d i s t r i b u t i o n  shou ld  e x h i b i t  a dimodal d i s t r i b u t i o n  as  s ee n  in  
F i g u r e  6 . 3 .  The d i v i s i v e  r o u t i n e s  mere ly  s e a r c h  t h r o u g h  t h e  d e n s i t y  
d i s t r i b u t i o n s  f o r  b imodal ty p e  v a r i a t i o n s  and th e n  s p l i t  t h e  
p o p u l a t i o n  so a s  to  maximise t h e  d i f f e r e n c e s  between t h e  two new 
p a r t i t i o n e d  p o p u l a t i o n s .  R a ther  th a n  t r e a t  each measurement 
v e c t o r  s e p a r a t e l y ,  P o ly d iv  f i r s t  r e d u c e s  t h e  d a t a  by a p r i n c i p a l  
components  r o u t i n e ,  s t a n d a r d i s e s  each new v e c t o r  and t h e n  commences 
d i v i s i o n .  I t e r a t i v e  r e l o c a t i o n  r o u t i n e s  a r e  a v a i l a b l e  b u t  Lance 
has  found t h a t  r e l o c a t i o n  need o n ly  be a p p l i e d  a f t e r  s e v e r a l  
( e . g .  5) d i v i s i o n s  have t a k e n  p l a c e  where t h e  end r e s u l t  may be 
10 p a r t i t i o n s .
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6.11 Image Space Clustering
The p r e v io u s  d i s c u s s i o n s  on a n a l y s i s  have c o n s id e r e d  t h e  p a r ­
t i t i o n i n g  to  be c a r r i e d  out on t h e  o b s e r v a t i o n s  when p r o j e c t e d  
in  measurement space  whereas th e  r e s u l t s  a r e  g e n e r a l  r e q u i r e d  
to  i n d i c a t e  t h e  p h y s i c a l  p a r t i t i o n i n g  of  an image ( e . g .  drawing  
b o u n d a r i e s  around s i m i l a r  a r e a s  o f  g ro u n d ) .  Image space  c l u s t e r i n g  
p a r t i t i o n s  the  image, but th e  s i m i l a r i t y  (o r  d i s s i m i l a r i t y )  
measures  used a r e  s t i l l  th e  d e n s i t y  measurement v e c t o r s .  The 
c o n cep t  i s  d e m o n s t ra t ed  in  c o n j u n c t i o n  v;ith F ig u r e  6 . 6 ,  which 
c o n s i s t s  o f  a s q u a r e  b la c k  t a r g e t  on a w hi te  background .  The 
t o t a l  image i s  c o n s i d e r e d  to  have been scanned and f o r  s i m p l i c i t y  
on ly  one measurement i s  b e in g  c o n s i d e r e d .
I t  a p p e a r s  to  be f e a s i b l e  to  a p p ly  e i t h e r  f u s i o n  or  d i v i s i v e  
r o u t i n e s  in  o r d e r  t o  p a r t i t i o n  t h e  image but a p a r t  from t h e  work 
p r e s e n t e d  in  t h i s  c h a p t e r ,  C h ap te r  7 ,  Appendix B, and a t h e o r e t i c a l  
s tu d y  by H a r a l i c k  and K e l ly  ( 1 4 ) ,  no o t h e r  p u b l i c a t i o n s  a p p ea r  t o  
c o n s i d e r  th e  a p p l i c a t i o n  o f  c l u s t e r i n g  to  image s p a c e .  Con­
s e q u e n t l y  t h e  f u s i o n  r o u t i n e  which was used  i s  d i s c u s s e d  h e r e .
The s i m i l a r i t y  measure  i s  b a se d  on th e  measurement v e c t o r  and i s  
d e r i v e d  as b e f o r e .  However, t h e  measures  a r e  o n ly  c r e a t e d  between 
t h e  p a r t i t i o n  under c o n s i d e r a t i o n  and p h y s i c a l l y  n e i g h b o u r i n g  . 
p a r t i t i o n s  o f  t h e  image and hence  i n i t i a l l y  each o b s e r v a t i o n  con­
s t i t u t e s  a p a r t i t i o n  and o b s e r v a t i o n s  a r e  ’ lo c a t e d *  a t  th e  p o i n t  
on th e  image where t h e y  were r e c o r d e d .  Whether t h e  n e i g h b o u r i n g  
p o i n t s  be tween which t h e  measures  w i l l  be c r e a t e d  a r e  t h e  e i g h t  
a d j a c e n t  p a r t i t i o n s  or  t h o s e  e i g h t  t o g e t h e r  w i th  t h e  16 p a r t i t i o n s  
im m ed ia te ly  s u r r o u n d i n g  them, s ee  F ig u r e  6.7$ or  even any o t h e r  
p a r t i t i o n s  w i l 1 depend on such  f a c t o r s  as th e  n o i s e  w i t h i n  t h e  
scene  and th e  d im en s io n s  o f  l i k e l y  b o u n d a r ie s  between un ifo rm a r e a s .  
Hence, a s  p a r t i t i o n  c e l l s  merge,  l a r g e r  and l a r g e r  a r e a s  o f  th e  
image a r e  c l a s s i f i e d  as s i m i l a r  u n t i l ,  a s  b e f o r e ,  a l l  o b s e r v a t i o n s  
f a l l  w i t h i n  t h e  one same p a r t i t i o n .  However, t h e  image space
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c l u s t e r i n g  cannot be pu rsued  to o  f a r  as shov/n in  F ig u r e  6 .3  where 
s i x  f i e l d s  have been c l a s s i f i e d  by t h e  image space  r o u t i n e .  The 
n e x t  n e r g i n g  o f  p a r t i t i o n s  must be one o f  t h e  f o l l o w i n g :
1 -2 ;  2 -6 ;  1 -3 ;  2-3 ;
6 -3 ;  3“ 5; 4 -5  ; 3 -4
d e s p i t e  th e  f a c t  t h a t ,  s ay ,  1 and 4 may be i d e n t i c a l  in  a l l  ways. 
C onseq u en t ly ,  when a c e r t a i n  number o f  p a r t i t i o n s  d e te rm in ed  
th ro u g h  c o n s i d e r a t i o n s  r e l a t e d  to  the  f i n a l  number o f  d e s i r e d  
p a r t i t i o n s  has been r e a c h e d ,  th e  measurement space  c l u s t e r i n g  
r o u t i n e  i s  a p p l i e d .  This  w i l l  t h e n  a s s o c i a t e  t h e  p a r t i t i o n s  
a c c o r d i n g  t o  t h e i r  s i m i l a r i t y  i n  measurement space  and w i l l  l e a d  
to  1 and 4 b e in g  c l a s s i f i e d  as s i m i l a r .  The r e s u l t s  from such  an 
image space  c l u s t e r i n g  have p roved  s u f f i c i e n t l y  p ro m is in g  f o r  
f u r t h e r  s t u d i e s  t o  be made.
A programme r e c e n t l y  d ev e lo p e d  has  shown t h a t  when image space  
c l u s t e r i n g  i s  a p p l i e d  t o  a s t r i n g  of o b s e r v a t i o n s  ( c . f .  a s i n g J e  
row of  t h e  a r r a y  in  F ig u r e  6 .6  and t h u s  o n ly  o b s e r v a t i o n s  on 
e i t h e r  s id e  o f  a p a r t i c u l a r  o b s e r v a t i o n  a r e  used f o r  s i m i l a r i t y  
m easures )  i n s t e a d  o f  s e a r c h i n g  t h e  whole s e t  o f  s i m i l a r i t y  measures  
and a c t i n g  upon t h e  s m a l l e s t ,  i t  i s  p o s s i b l e  t o  p e rm i t  t h e  merg ing 
of  one f i f t h  o f  a l l  t h e  p a r t i t i o n s  a t  once as shown s c h e m a t i c a l l y  
in  F ig u r e  6 , 9 .  Having reduced  th e  number o f  p a r t i t i o n s  a l o n g  th e  
rows o f  t h e  a r r a y  (F ig u r e  6 .6 )  t h e  r o u t i n e  is  t h e n  a p p l i e d  t o  
merge p a r t i t i o n s  between rows u s i n g  s t e p s  2  t o  ^  a s  b e f o r e .  T h is  
p r o c e s s i n g  shou ld  r e d u c e  th e  o b s e r v a t i o n s  t o  a number o f  p a r t i t i o n s  
which can be e co n o m ic a l ly  h a n d led  by t h e  measurement space  r o u t i n e .
The p o s s i b i l i t y  o f  a p p ly in g  t h e  d i s s i m i l a r i t y  measure as  used  
w i t h i n  P o lyd iv  has  been c o n s i d e r e d  (13) as  an a l t e r n a t i v e  approach  
to  overcome th e  problems o f  s t o r i n g  s i m i l a r i t y  m easu res .  I f  t h e  
o b s e r v a t i o n s  a r e  examined s e q u e n t i a l l y ,  i . e .  e i t h e r  as th e y  a r e  
d e r i v e d  from th e  m u l t i - s p e c t r a l  s c a n n e r  d e t e c t o r s  or  th e  p h o to ­
g r a p h i c  r a s t e r  scanned  m a t t e r ,  t h e n  as t h e  o b s e r v a t i o n s  p a ss  from
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one d e s i r e d  p a r t i t i o n  t o  the  o t h e r  ( e . g .  t h e  o b s e r v a t i o n s  r e l a t e  
to  one f i e l d  and th e n  a n o t h e r ,  bo th  b e in g  d e s i r e d  as s e p a r a t e  
p a r t i t i o n s  in  th e  f i n a l  a n a l y s i s )  then  t h e  o b s e r v a t i o n s  sh o u ld  
show a marked change .  Hence, i f  some d i s s i m i l a r i t y  measure  could  
be d e r i v e d  from t h e  s e q u e n t i a l  o b s e r v a t i o n s  i t  may be p o s s i b l e  
to  s e t  a d i s s i m i l a r i t y  t h r e s h o l d  which v/ould i n d i c a t e  when 
d i f f e r e n t  ’d e s i r e d '  p a r t i t i o n s  were b e in g  s e n s e d .  F ig u r e  6 ,10 
i l l u s t r a t e s  s c h e m a t i c a l l y  how a proposed  r o u t i n e  would f u n c t i o n .
F i g u r e  6 .9
A p ro p o se d  a g g lo m e r a t iv e  image/measurement space  c l u s t e r i n g  
r o u t i n e
S t e p  1:  W ri te  o b s e r v a t i o n s  on to  m agnet ic  t a p e .
S te p  2 :  Rewind t a p e .  Read t a p e .  C r e a te  s i m i l a r i t y  measures
and s t o r e  t h e  s m a l l e s t  20%.
S te p  3 :  Rewind t a p e .
S te p  4 ;  Update th e  new p a r t i t i o n s  d e r i v e d  from s t e p  2 and w r i t e
on t o  a new t a p e .
S te p  5:  I f  more im age-soace  c l u s t e r i n g  i s  r e q u i r e d ,  go to
s t e p  2 .
S te p  6:  Apply measurement sp ac e  c l u s t e r i n g .
S te p  7 : Output r e s u l t s .
F i g u r e  6 .10
A p ro p o se d  d i v i s i v e  image/measurement space  c l u s t e r i n g  r o u t i n e .
S t e p  1:  Accept o b s e r v a t i o n .
S tep  2: Add to  p re v io u s  o b s e r v a t i o n s .
S te p  3:  I f  t h e  d i s t r i b u t i o n  i s  n o t  bimodal r e t u r n  t o  S t e p  1 .
S te p  4 :  Remove t h o s e  o b s e r v a t i o n s  formed by t h e  e a r l i e r
o b s e r v a t i o n s  and s t o r e  them.
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s t e p  5 : Return  to  s t e p  1 u n l e s s  t h e r e  a r e  no more o b s e r v a t i o n s .
S tep  6:  Apply c l u s t e r i n g  t e c h n i q u e s  ( i n  image a n d /o r  measurement
space )  t o  o b t a i n  t h e  r e q u i r e d  number o f  p a r t i t i o n s .
S tep  7: Output r e s u l t s .
6 .1 2  The D i f f e r e n c e s  R e s u l t i n g  from Measurement and Image Space 
C l u s t e r i n g
S u p e r f i c i a l l y  t h e  d i s c u s s i o n s  o f  image and measurement space  
r o u t i n e s  have n o t  s u g g e s t e d  any p a r t i c u l a r  r e a s o n s  as t o  why th e  
f i n a l  r e s u l t s  might  d i f f e r  from one a n o t h e r .  However a con­
s i d e r a t i o n  o f  th e  p r o b a b i l i t y  f u n c t i o n s  and t h e  image space  
s i m i l a r i t y  measures  d e m o n s t r a t e s  how th e  r o u t i n e s  c o n s t r u c t  
d i f f e r e n t  p a r t i t i o n s  of  t h e  image. With in  a t y p i c a l  image, t h e  
chances  o f  two o b s e r v a t i o n s  b e in g  v e ry  s i m i l a r  i s  h ig h ,  bu t  t h e  
chances  of  them b e in g  from a d j a c e n t  p o i n t s  on th e  image i s  con­
s i d e r a b l y  lo w e r .  C onsequen t ly  t h e s e  h ig h ly  s i m i l a r  o b s e r v a t i o n s  
w i l l  become e n c lo s e d  by an m-space  r o u t i n e  w i th in  a s i n g l e  p a r ­
t i t i o n .  Other o b s e r v a t i o n s  w i l l  a l s o  become a s s o c i a t e d  w i th  th e  
p a r t i t i o n ,  and t h e  mean c e n t r e  p o s i t i o n  o f  t h e  p a r t i t i o n  in  
measurement space  w i l l  be in  a p a r t i c u l a r  r e g i o n .  However, i f  
t h e  most s i m i l a r  adj acen t  p a r t i t i o n s  were merged, th e  o b s e r v a t i o n s  
would no t  be a s  s i m i l a r  as  b e f o r e  and t h e  mean c e n t r e  o f  t h e  
measurement space  p r o j e c t i o n  o f  t h e  r e s u l t i n g  p a r t i t i o n  need no t  
be n e a r  i t s  c o u n t e r p a r t .  Once a number o f  o b s e r v a t i o n s  have 
become a s s o c i a t e d  w i th  a g iven  p a r t i t i o n ,  t h e  E r r o r  Sum of  Squares  
r o u t i n e  t e n d s  to  f i x  i t s  p o s i t i o n  in  m-space because  o f  t h e  
w e ig h t in g  f a c t o r s  d i s c u s s e d  e a r l i e r .  The f i n a l  p a r t i t i o n i n g  o f  
t h e  o b s e r v a t i o n s  i s  c o n s e q u e n t ly  q u i t e  d i f f e r e n t  f o r  image and 
measurement sp ace  p r o c e d u r e s .  (See C hapter  7» a l s o  Appendix B.)
6 .1 3  Data  P r e - P r o c e s s i n g
P r e - p r o c e s s i n g  i n v o l v e s  th e  m a n ip u la t i o n  of  t h e  d a t a  p r i o r  to  
t h e  a n a l y s i s  and can  be o f  a c o r r e c t i v e  a n d / o r  t r a n s f o r m  n a t u r e .
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C o r r e c t i o n s  a r e  a p p l i e d  when knov/n e f f e c t s  such as  l e n s  d i s t o r t i o n ,  
n o n - l i n e a r  d e t e c t o r  r e sp o n se  e t c . ,  a r e  i n v o l v e d .  However, some 
f a c t o r s  such  as v a r i a b l e  haze  c o n c e n t r a t i o n s ,  c loud shadow and 
t e r r a i n  s lo p e  w i l l  a f f e c t  t h e  d a t a  i n  a manner which a l th o u g h  i t  
can be d e te rm in e d  t h e o r e t i c a l l y  would, in  p r a c t i c e ,  be too  t ime 
consuming. In t h e s e  c a s e s  i t  i s  s im p le r  to  t r a n s f o r m  th e  d a t a  
so as to  remove t h e  e f f e c t s .
Along a p a r t i c u l a r  f l i g h t  l i n e  s e v e r a l  c o n d i t i o n s  can v a r y .
F igu re  6.11 shows some o f  t h e  f l u c t u a t i o n s  which a f f e c t  p h o to ­
g r a p h i c  im agery .  The t a r g e t  T1 i s  c o n s i d e r e d  t o  be on a f l a t  
h o r i z o n t a l  p lan e  and changes in  i t s  p o s i t i o n  can no t  o n ] y a l t e r  
t h e  a n g le  ^  b u t  a l s o  t h e  ajigle  ^  which i s  t h e  a n g le  between 
t h e  (Sensor  -  T1 -  Sun) and (S en s o r -N a d i r - S u n )  p l a n e s .  F a m i l i e s  
o f  c u rv e s  can be p r o j e c t e d  on to  t h e  t e r r a i n  r e p r e s e n t i n g  l i n e s  
v/ith c o n s t a n t  v a lu e s  o f  ^  o r  ^  , bu t  to  sample a lo n g  t h e s e  
l i n e s  (so as to  remove th e  a p p r o p r i a t e  a n g le  e f f e c t s )  i s  o n ly  
p r a c t i c a b l e  when s c a n n in g  sys tem s  a r e  p la c e d  in  s a t e l l i t e s  whose 
o r b i t s  and o r i e n t a t i o n s  p e rm i t  t h e  s c a n n e r s  t o  f o l l o w  t h e  p a r ­
t i c u l a r  c u r v e s .  Changes i n  (ji and modify t h e  a p p a r e n t  r e f ­
l e c t a n c e  of  t h e  t a r g e t  as a r e s u l t  o f  the  s p e c u l a r  end d i f f u s e  
r e f l e c t a n c e  p r o p e r t i e s  of th e  t a r g e t s .  T a rg e t  T2, which may be 
i d e n t i c a l  t o  T1 w i l l  appea r  to  have d i f f e r e n t  r e f l e c t a n c e  p ro p ­
e r t i e s  not o n ly  b ecau se  t h e  v a l u e s  o f  (f) and a r e  d i f f e r e n t ,  
b u t  a l s o  as a r e s u l t  o f  i t s  n o t  b e in g  on a h o r i z o n t a l  p l a n e  and 
a l s o  b ecause  t h e  p a th  l e n g t h s  (and hence a tm o s p h e r i c  a b s o r p t i o n )  
be tween (Sensor  -  T l )  and (S en so r  -  T2) a r e  d i f f e r e n t .
Atmospher ic  e f f e c t s  cou ld  be compensated f o r  e i t h e r  by th e  use  
o f  models  ( 15) o r  by e s t i m a t i n g  t h e i r  a t t e n u a t i o n s  by means o f  
s e n s o r  r e s p o n s e s  over  knovm t a r g e t s  ( 1 6 ) .  Tu rner  (15) s u g g e s t s  
t h a t  models a r e  more a p p l i c a b l e  t o  v e ry  h igh  a l t i t u d e  imagery 
where the  e f f e c t s  o f  changes  i n  haze  c o n c e n t r a t i o n s  e t c ,  c o n t r i b u t e  
p r o p o r t i o n a l l y  l e s s  t o  th e  t o t a l  a t t e n u a t i o n  whereas a t  lower 
a l t i t u d e s  t r a n s f o r m s  appea r  more p ro m is in g  (1?) , (18 ) . .
-  V'A -
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S e v e r a l  t r a n s f o r m s  a r e  a v a i l a b l e  which reduce  t h e  e f f e c t s  o f  t h e  
a tmosphere  and changes  in  (f) and p>  ( 1 ? ) .  Of more i n t e r e s t  t o  
th e  p r e s e n t  s t u d y  a r e  t h o s e  te rm ed  s i n g l e  waveband r a t i o i n g  and 
sigma waveband r a t i o i n g  -  th e  o t h e r  t r a n s f o r m s  a r e  of  more d i r e c t  
a p p l i c a t i o n  when wide f i e l d s  o f  view - 30 *^ from t h e  n a d i r )  
a r c  used  (1 3 ) •
6 .1 4  S in g l e  Waveband R a t io  Transform
For a p a r t i c u l a r  s e t  o f  n e i g h b o u r i n g  wavebands,  t h e  e f f e c t  o f  
Tl and T2 h a v in g  d i f f e r e n t  v a l u e s  o f  and /B w i l l  be t o  a l t e r  
th e  magnitude  o f  t h e  r e f l e c t a n c e  r e a d i n g  in  t h e  wavebands by a 
c o n s t a n t  f a c t o r  r a t h e r  t h a n  d i s t o r t  th e  s p e c t r a l  s i g n a t u r e  -  
u n l e s s ,  t h a t  i s ,  t h e  v a l u e s  of  <f> and p> a r e  such  t h a t  t h e  whole 
scene  i s  d i f f e r e n t  a n d /o r  t h e  r e f l e c t a n c e  i s  a body c o l o u r  e f f e c t  
( see  5*4) where s p e c t r a l  s i g n a t u r e  changes c o u ld  be e x p e c t e d .
Let th e  s i g n a l  S a t  t h e  s u r f a c e  o f  t h e  two t a r g e t s  and i n  wave­
bands a and b be;
^ a T l ;  ^b T l ;  ^aT2; ^bT2
Then t h e  e f f e c t s  o f  Tl and T2 b e in g  a t  a s p a t i a l l y  d i f f e r e n t  
p o s i t i o n  on t h e  d e t e c t e d  s i g n a l  can  be f a c t o r s  and 
r e s p e c t i v e l y  which t r a n s f o r m s  th e  s u r f a c e  s i g n a l s  i n t o  th e  form;
S l ^ a T l *  ^ T l^ b T l '  S a ? a T 2 *  ^T2^bT2
A n a ly s i s  would i n v o l v e  t h e  com par isons  o f :
^ S l ^ a T l  ^T2^aT2^
nnd ^^Tl^bTl ^T2^bT2^
- 1A6 -
where and a r e  v i r t u a l l y  unknown and f o r  a p a r t i c u l a r  image 
cou ld  t a k e  on s e v e r a l  hundred d i f f e r e n t  v a l u e s  depend ing  upon t h e  
m agn i tudes  o f  (/> and •
However, i f  t h e  r a t i o  o f  t h e  s i g n a l s  in  wavebands a and b from 
t h e  two t a r g e t s  a r e  u sed ,  t h e  *C* te rm s  drop ou t  and compar ison  
i n v o l v e :
^aTl and ^aT2
^bT2 ^bT2
and f o r  i d e n t i c a l  t a r g e t s  t h e  two r a t i o s  a r e  e q u a l .
The *C* f a c t o r  can aL so be c o n s i d e r e d  as a measure  o f  t h e  f r a c t i o n  
o f  s u r f a c e  s i g n a l  which i s  r e c e i v e d  a t  t h e  d e t e c t o r  and, i f  n e i g h ­
b o u r in g  wavebands a r e  r a t i o e d ,  th e n  t h e  changes  in  a tm o sp h e r i c  
t r a n s m i s s i o n  as a r e s u l t  o f  d i f f e r e n t  s i g n a l  p a th  l e n g t h s  a r e  
r e d u c e d ,
6 .1 5  Sigma Waveband R a t io  Transform
This  t r a n s f o r m  i s  l e s s  s o p h i s t i c a t e d  th a n  t h e  s i n g l e  waveband 
r a t i o  bu t  i n  p a r t i c u l a r  c a s e s  i s  a d e q u a te .  I t  i s  o f  d i r e c t  app­
l i c a t i o n  where t h e  r e f l e c t a n c e  o f  s i m i l a r  t a r g e t s  d i f f e r s  as  a 
r e s u l t  o f  s l o p i n g  t e r r a i n  o r  changes  in  i n c i d e n t  i l l u m i n a t i o n .  
These changes  a r e  c o n s i d e r e d  t o  be c o n s t a n t  th ro u g h o u t  t h e  wave­
bands b e in g  s en se d  and by e x p r e s s i n g  each waveband measure  as a 
f r a c t i o n  o f  t h e  summed waveband measures  s i m i l a r  t a r g e t s  w i l l  
have i d e n t i c a l  t r a n s f o r m e d  s i g n a t u r e s .
6 .1 6  P r i n c i p a l  Components Transfo rm
The c o r r e l a t i o n  between two measurement v e c t o r s  r e l a t i n g  t o  t h e  
same scene  i S  g e n e r a l l y  v e ry  h ig h  ( f o r  v i s i b l e  w aveleng ths  u s u a l l y  
O.l^u s i g n i f i c a n c e )  and c o n s e q u e n t ly  when s e v e r a l  measurement
-  14? -
v e c t o r s  a r e  used  in  t h e  a n a l y s i s ,  a l a r g e  amount o f  re d u n d a n t  
i n f o r m a t i o n  i s  u n n e c e s s a r i l y  i n c l u d e d .
The p r i n c i p a l  components o f  t h e  measurement v e c t o r s  can be d e r iv e d  
and in  many c a s e s  t h r e e  or f o u r  components w i l l  c o n t a i n  as much as 
95/^ o f  th e  v a r i a n c e  w i t h i n  t h e  6 o r  8 o r i g i n a l  v e c t o r s .  T h is  
t r a n s f o r m  i s  o f  p a r t i c u l a r  b e n e f i t  t o  ana logue  c l a s s i f i e r s  where 
each v e c t o r  o f  in p u t  in f o r m a t io n  r e q u i r e d  i t s  own s e p a r a t e  c i r -  
c u i t ^ r y  ( 1 9 ) .  The e ig e n  v a l u e s  o f  th e  measurement v e c t o r s  a r e  
n e c e s s a r i l y  a f u n c t i o n  o f  t h e  p a r t i c u l a r  d a t a  s e t  chosen and 
t h e r e b y  r e l a t e  s o l e l y  t o  th e  scen e  under a n a l y s i s  and c o n se q u e n t ly  
th e y  w i l l  no t  in  g e n e r a l  r e p r e s e n t  t h e  optimum s e t  f o r  any o t h e r  
s c e n e ,
6 ,17  Data S c a l i n g
The approach  to  c l u s t e r  a n a l y s i s  o u t l i n e d  e a r l i e r  c o n s i d e r e d  th e  
measurement v e c t o r s  t o  be o r t h o g o n a l ,  i , e ,  th ey  were t r e a t e d  as 
l i n e a r l y  in d e p en d e n t  q u a n t i t i e s .  P r i n c i p a l  components a n a l y s i s  
r o u t i n e s  may be used  t o  c o n s t r u c t  t h e  o r th o g o n a l  v e c t o r s ,  bu t  
t h e r e  a p p ea rs  t o  be no j u s t i f i c a t i o n  f o r  so d o ing  a p a r t  from 
m a th em at ica l  i n t u i t i o n .
S i m i l a r l y  bo th  t h e  v a r i a n c e s  and ran g es  o f  th e  s e v e r a l  measurement 
v e c t o r s  w i l l  d i f f e r  and programmes such as P o ly d iv  s c a l e  each 
v e c t o r  t o  zero  mean and u n i t  v a r i a n c e  b e f o r e  a n a l y s i s  commences. 
S c h e m a t i c a l l y  F i g u r e s  6.13 and 6 ,1 2  show in  two d im en s io n a l  f e a t u r e  
space  t h e  e f f e c t  o f  s c a l i n g  t h e  measurement v e c t o r s ;  th e  Z v e c t o r  
w i l l  t e n d  t o  dominate  th e  a n a l y s i s  when i t s  ran g e  i s  i n c r e a s e d .
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FIGURES 6 .1 2  and 6 .1 3  SHOUIKG THE EFFECTS OF DATA SCALIKG
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I n t u i t i v e l y  t h e  c a l i b r a t e d  raw d a t a ,  or  th e  c a l c u l a t e d  t a r g e t  
r e f l e c t a n c e  would appear  t o  be t h e  most s e n s i b l e  i n p u t .
6 ,18  The A p p l i c a t i o n  o f  P r e - P r o c e s s i n g  T rans fo rm s  t o  C l u s t e r  
A n a ly s i s  Data
W hi ls t  i t  may m a t h e m a t i c a l l y  a p p ea r  a d v i s a b l e  t o  c o r r e c t  t h e  d a t a  
so as  t o  o b t a i n  th e  ground e q u i v a l e n t  t a r g e t  r e f l e c t a n c e  v a l u e ,  
t h e  models o f  a tm o s p h e r i c  t r a n s m i s s i o n / a t t e n u a t i o n  and th e  
v a r i a b i l i t y  o f  t h e  a tmosphere  make t h e  e f f o r t  p r o h i b i t i v e  f o r  a l l  
e x ce p t  s a t e l l i t e  im agery .  The c h o ice  th e n  l i e s  between c a l i b r a t e d ,  
s c a l e d  or  t r a n s f o r m e d  d a t a .  The narrow f i e l d  o f  view o f  t h e  p ho to ­
g r a p h i c  systems u sed ,  combined w i th  th e  v e r y  s l i g h t  to p o g r a p h ic  
r e l i e f  in  th e  a r e a s  imaged, have l e d  in  t h e  main t o  c a l i b r a t e d  
d a t a  b e in g  used in  t h e  c l u s t e r i n g  r o u t i n e s  o f  t h i s  s t u d y .
More g e n e r a l l y  t h e  use  of  t r a n s f o r m s ,  w h i l s t  o f  c o n s i d e r a b l e  use  
in  removing th e  e f f e c t s  o f  h a ze ,  look  ang le  e t c . ,  w i l l  r e d u c e  th e  
u n iq u e n es s  o f  t h e  s p e c t r a l  s i g n a t u r e  by r e l y i n g  on r e l a t i v e  mag­
n i t u d e s  o f  th e  wavebands s en se d  r a t h e r  th a n  t h e i r  a b s o l u t e  v a l u e s  
f o r  t h e  d e c i s i o n  c r i t e r i a .
S i m i l a r l y  t h e  p r i n c i p a l  components o f  a p a r t i c u l a r  scene  w i l l  
g e n e r a l l y  not  a p p ly  to  any o t h e r  s ce n e  a l th o u g h  in  t h e  case  o f  a 
s u p e r v i s e d  l e a r n i n g  approach  t h i s  may no t  be so i m p o r t a n t .
-  150
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7 THE ANALYSIS OF VISIBLE AND NEAR-INFRA-RED IMAGERY
7.1  C a l i b r a t i o n  P r o c e d u r e s ,  C o r r e c t i o n s  and Transform s
As a r e s u l t  o f  th e  f i e l d  work ( 2 . 2 ) ,  t h e  c o lo u r e d  c a l i b r a t i o n  
boa rds  appea red  b e n e a th  t h e  a i r c r a f t  on a t  l e a s t  one o c c a s io n  
w h i l s t  a s e t  o f  f i l m s  was b e in g  exposed .  The pho to g rap h s  were 
t a k e n  w i th  a fo rward  o v e r l a p  o f  a p p ro x im a te ly  60% t o  enab le  
s t e r e o s c o p i c  viev/ing and c o n s e q u e n t l y ,  f o r  each o c c a s io n  on which 
th e  bo a rd s  were p h o to g ra p h e d ,  th e  boa rds  were r e c o r d e d  on two or  
p o s s i b l y  t h r e e  c o n s e c u t i v e  f r a m e s .
Although no a b s o l u t e  r e f l e c t a n c e  measurements  were made on t h e  
b o a r d s ,  t h e i r  av e rag e  r e f l e c t a n c e  p r o p e r t i e s  were m o n i to red  w i th  
a l i g h t - m e t e r  and were c o n s i d e r e d  to  have been r e l a t i v e l y  c o n s t a n t  
t h ro u g h o u t  t h e  f l y i n g  p e r i o d ,  F i l m - t o - f i l m  and f r a m e - to - f r a m e  
changes  caused  by d i f f e r e n t  p r o c e s s i n g ,  sun a n g l e s ,  look  a n g le s  
e t c . ,  were th e n  a s s e s s e d  by m easu r in g  t h e  images o f  t h e  boards  
on d i f f e r e n t  f i l m s  and f r a m e s .  In  a d d i t i o n  t o  t h e s e  measurements ,  
s tep -w ed g e s  were exposed  on t h e  l e a d e r s  o f  ev e ry  b l a c k  and w hi te  
f i l m  u s e d .  This  e n ab le d  th e  p r o c e s s i n g  and f i l m  r e s p o n s e s  t o  be 
m o n i to r e d .
7 . 1 . 1  R e s u l t s  from t h e  Step-V/edges Recorded on t h e  B lack  and 
White Films
Spot d e n s i t y  r e a d i n g s  were made o f  t h e  s tep -w ed g es  on t h e  pan­
c h ro m a t i c  f i l m s  used  in  t h e  q u a n t i t a t i v e  a n a l y s i s  d e s c r i b e d  l a t e r  
on i n  t h i s  c h a p t e r .  F ig u r e  7 .1  shows th e  r e s u l t s  f o r  t h e  f i l m s  
w i th  t h e  g reen  and y e l lo w  f i l t e r s ,  s u f f i x e d  *G* and *Y* r e s p e c t i v e l y ,  
Although t h e  *Y' f i l m s  were p r o c e s s e d  in  A u s t r a l i a  and t h e  *G* 
f i l m s  i n  England, t h e  c o n s i s t e n c y  and agreement was found to  be 
h i g h ,  A s l i g h t  d i f f e r e n c e  i n  gamma was e v i d e n t  be tween 32G and 
33G, however,  o v e r  t h e  l i n e a r  s e c t i o n  o f  t h e  g raph  (500  t o  1 ,500 
u n i t s )  t h e  r o o t  mean s q u a r e  d e v i a t i o n  was found t o  be 34 u n i t s  -





FIGURE 7 .1  GRAPHE SHOWING THE MEASURED DENSIIY RESPONSES ON THREE 
FILMS TO UNIFORMLY STEPPED DENSITY INPUTS
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on t h e  *Y' f i l m s  i t  was 33 u n i t s .  The form which t h e  q u a n t i t a t i v e
a sse s sm e n t  to o k  (C h ap te r  6) in v o lv e d  th e  compar ison  of  d e n s i t i e s
on t h e  ’Y' and ' G' f i l m s  s e p a r a t e l y  and t h e r e f o r e  th e  c o n s i s t e n c y
sough t  was one w i t h i n  th e  ’Y' and ’G' f i l m s  s e p a r a t e l y ,  r a t h e r  th a n
between them. The r e s u l t s  from t h e  s tep -w edge  measurements  showed 
i
th e  s p e c i f i e d  t o l e r a n c e s  o f  development t im e  and t e m p e r a t u r e  had 
been met and t h a t  a s a t i s f a c t o r y  l e v e l  o f  d e n s i t o r a e t r i c  c o n s i s t e n c y  
was found t o  be p r e s e n t ,
7 , 1 . 2  C a l i b r a t i o n  o f  th e  Imagery  Using  Ground T a r g e t s
Although t h e  r e s u l t s  from 7 . 1 . 1  showed h ig h  s a t i s f a c t o r y  l e v e l  o f  
p r o c e s s i n g  o f  t h e  b l a c k  and w h i t e  f i l m s ,  i t  was n o t  t e c h n i c a l l y  
f e a s i b l e  f o r  t h e  a i r  su rvey  team t o  r e c o r d  wedges on t h e  c o lo u r  
f i l m s .  C o n seq u en t ly ,  i n  o r d e r  t o  m on i to r  t h e  d i f f e r e n c e s  between 
c o l o u r  f i l m s ,  t a r g e t s  w i t h i n  t h e  exposed images had to  be u s e d .
I n i t i a l l y  t h e  use o f  un iform a r e a s  o f  t e r r a i n  was c o n s i d e r e d  f o r  
c a l i b r a t i o n  p u r p o s e s .  However,  i t  was found e x t rem e ly  d i f f i c u l t  
t o  f i n d  such  r e g i o n s  even when r e s o l u t i o n  e lem en ts  e q u i v a l e n t  t o  
two o r  t h r e e  m e t re s  were u sed .  C onseq u en t ly  a l l  t h e  measurements  
made and d i s c u s s e d  below r e l a t e  to  t h e  c a l i b r a t i o n  boa rds  -  
a l t h o u g h  t h e i r  s u r f a c e  r e f l e c t a n c e  p r o p e r t i e s  d i f f e r e d  c o n s i d e r a b l y  
from t h o s e  o f  t h e  n a t u r a l  t e r r a i n .
The boa rds  were sampled w i th  a 50 x 5 0 s pot ;  samples  b e in g  made 
s e p a r a t e l y  th r o u g h  each o f  t h e  s e p a r a t i o n  f i l t e r s  in  t h e  c a se  o f  
th e  c o lo u r  f i l m s .  F i g u r e s  7 .2  t o  7 .9  4how t h e  s e v e r a l  s p e c t r a l  
bands and t h e  d e n s i t i e s  o f  th e  f i x e d  boa rds  w i t h i n  each  o f  t h e  
r e s p e c t i v e  b ands .  The f i l m s  t o  which t h e  measurements  r e f e r  a re  
from t h e  s e t s  numbered *3 2 * and ' 3 3 '  w h i l s t  t h e  s u f f i x e d  number 
( e , g .  -  323 ) i s  t h e  f i l m  frame c o u n t .
The bandw id ths  of  t h e  f i l t e r s  (1) and t h e  s p e c t r a l  s e n s i t i v i t i e s  
o f  t h e  emuls ion  l a y e r s  w i t h i n  t h e  f o l o u r  f i l m s  (F ig u re  2 ,1 )  shou ld
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have r e s u l t e d  in  s i m i l a r  d e n s i t y  r e a d i n g s  f o r  t h e  two f o l l o w i n g  
c a s e s  :
( i )  F a l s e  Colour  Blue (dye) l a y e r :  True Colour  Green l a y e r ;
Panchrom at ic  f i l m  v;i th g re e n  f i l t e r
( i i )  F a l s e  Colour Green (dye) l a y e r :  True Colour  r e d  l a y e r
In t h e  f i g u r e s  a p p r o p r i a t e  to  t h e s e  compar isons  t h e  boa rds  a re  
r an k ed  s i m i l a r l y  a lo n g  t h e  X a x i s ,  w h i l s t  f o r  c l a r i t y ,  th e  d e n s i t y  
s c a l e s  f o r  t h e  n e g a t i v e  b l a c k  and w h i te  f i l m s  have been i n v e r t e d .
Each o f  th e  wavebands shows t h e  same g e n e r a l  d e n s i t y  change from 
frame to  f r am e .  Thus 32-327 i s  always d a r k e s t  w i th  32-326 l i g h t e r  
and th e n  32-325» 33-324 and 33-323 e x h i b i t i n g  a h igh  d e g re e  of  
s i m i l a r i t y *  However, i t  can be s ee n  t h a t  d e s p i t e  t h e  g e n e r a l  
c o r r e l a t i o n s  between f r am e s ,  t h e r e  a r e  n o t i c e a b l e  d i f f e r e n c e s  
when t h e  wavebands d i s c u s s e d  above a r e  examined. The d i f f e r e n c e s  
a r e  g r e a t e r  th an  t h e  e x p e r im e n ta l  e r r o r  and t h e r e f o r e  must r e s u l t  
from d i f f e r e n c e s  i n  w aveleng th  s e n s i t i v i t y .  The c o r r e l a t i o n  between 
wavebands i s  d i s c u s s e d  more f u l l y  l a t e r  on i n  t h i s  c h a p t e r .
The e r r o r  p la c e d  on a g iven  r e a d i n g  was - 1 4 ,  a f i g u r e  d e r i v e d  
when t h e  same t a r g e t s  were r e - s a m p le d  s e v e r a l  t i m e s .
Frame 32-327 on th e  f a l s e  c o l o u r  f i l m  was one s u b j e c t e d  to  u n d e r ­
exposu re  as a r e s u l t  o f  a f a u l t y  camera mechanism, ( s e e  2*3) • The 
e f f e c t s  a r e  seen  as  an i n c r e a s e d  d e n s i t y  r e a d i n g  when compared 
w i th  o t h e r  f r am e s .
Table  7 .1  shows t h e  r e a d i n g s  made on th e  g re e n  s e n s i t i v e  l a y e r  o f  
t h e  t r u e  c o lo u r  f i l m  a f t e r  c o r r e c t i o n s  were a p p l i e d .  The c o r r e c t i o n s  
r e s u l t e d  in  t h e  r e a d i n g s  b e in g  a b s o l u t e l y  and l i n e a r l y  r e l a t e d  
t o  d e n s i t y :  000 b e i n g  e q u i v a l e n t  t o  no a t t e n u a t i o n  w h i l s t  860 u n i t s  
were e q u i v a l e n t  t o  an a t t e n u a t i o n  o f  ID, Each board  d e n s i t y  was
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TABLE T.l SHOWING THE ATTENUATION OF THE FIXED CALIBRATION
BOARDS AS MEASURED ON THE GREEN SENSITIVE LAYER OF 
THE TRUE COLOUR FILM. (1D=860 .UNITS)
Board No. 1 2 3 4 5 6
Frame/Film 
No.
323/33 453 124 202 4l4 104 433
324/33 475 138 220 457 110 465
325/32 456 127 214 413 104 4l6
326/32 500 l4 o 235 476 107 482
327/32 521 l4 o 247 506 116 527
% Difference 
between frames +7 +6 +10 +10 ; 6 +12
TABLE 7 .2 SHOWING THE ATTENUATIONS FROM TABLE' 7 .,1 EXPRESSED AS
A FRACTION OF ALL BOARDS ON THE FRAME
Board No. 1 2 3 4 5 6
Frame No.
323 .26 .07 .12 .24 .06 .25
324 .26 .07 .12 .25 . 06 .25
325 .26 .07 .12 .24 .06 .24
326 .26 .07 .12 .26 . 06 .25
327 .25 .07 .12 .25 . 06 .26
^D if fe rence  
between frames + 0
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+ h
sampled on t h e  f i v e  f rames  where i t  a p p e a r e d .  The v a r i a t i o n s  
o f  t h e  d e n s i t i e s  shown in  T ab le  7 .1  were c o n s i d e r e d  t o  be o f  
s u f f i c i e n t  magni tude  t o  w a r r a n t  f u r t h e r  i n v e s t i g a t i o n .
7 . 1 , 3  C o r r e c t i o n s  and T rans fo rm s  D er iv ed  From The C a l i b r a t i o n  
Boards
The d i f f e r e n c e s  between and m e r i t s  o f ,  c o r r e c t i o n s  and t r a n s f o r m s  
have been d i s c u s s e d  e a r l i e r  ( 6 .1 3  t o  6 , 1 8 ) .  As no a b s o l u t e  r a d i o m e t r i c  
■measurements were made, a b s o l u t e  c a l i b r a t i o n  o f  t h e  imagery  by 
means o f  m a th e m a t i ca l  models (2) t o  c o r r e c t  f o r  e f f e c t s  such  as  
camera f a l l - o f f , a tm o sp h e r i c  a t t e n u a t i o n  e t c . ,  were no t  con­
s i d e r e d  p r a c t i c a b l e .  Simple c o r r e c t i o n s ,  t o  e n ab le  f i l m - t o - f i l m  
v a r i a t i o n s  to  be r e d u ced  were a l so  c o n s i d e r e d ,  b u t  t h e s e  to o  were 
r e j e c t e d  when t h e  f r a m e - to - f r a m e  v a r i a t i o n s  were seen  t o  be o f  t h e  
same o r d e r  as f i l m - t o - f i l m  changes  ( e . g .  T ab le  7.1» b o a rd  n o , 6 ) .
The f i r s t  t r a n s f o r m  t o  be a p p l i e d  was a s c a l i n g  f a c t o r  be tween 
f r am e s .  For a g iven  f ram e ,  each  b oa rd  d e n s i t y  was e x p r e s s e d  as  t h e  
f r a c t i o n  o f  t h e  sum o f  t h e  d e n s i t i e s  o f  a l l  t h e  boards  on t h a t  
f r am e .  C o n se q u e n t ly ,  i f  t h e  d i f f e r e n c e s  between frames were 
c o n s t a n t  s c a l i n g  f a c t o r s ,  t h e n ,  by e f f e c t i v e l y  n o r m a l i s i n g  t h e  
d e n s i t i e s  on each frame, i d e n t i c a l  bo a rd s  s h o u ld  have s i m i l a r  
d e n s i t i e s .  Tab le  7 . 2  i s  th e  r e s u l t  o f  such  a t r a n s f o r m a t i o n  when 
a p p l i e d  t o  t h e  d a t a  u sed  f o r  T ab le  7 . 1 .  The p e r c e n t a g e  d i f f e r e n c e s  
between th e  same b o a rd s  a r e  g r e a t l y  r e d u c e d .  T h is  i m p l i e s  t h a t  on 
t h i s  p a r t i c u l a r  em u ls ion  l a y e r  ( t r u e  c o lo u r  g reen )  t h e  d i f f e r e n c e s  
can be e x p r e s s e d  as a s im p le  s c a l i n g  f a c t o r .
The same t r a n s f o r m  was a p p l i e d  t o  t h e  d e n s i t i e s  d e r iv e d  from t h e  
f a l s e  c o lo u r  i n f r a - r e d  s e n s i t i v e  l a y e r  and from t h e  pan ch ro m at i c  
f i l m  (g ree n  f i l t e r ) .  The p e r c e n t a g e  d e v i a t i o n s  about t h e  mean 
d e n s i t y  r e a d i n g s  f o r  each b o a r d ,  b o th  b e f o r e  and a f t e r  t r a n s f o r m a t i o n  
a r e  shovjn in  Tab le  7 , 3 .  The r e s u l t s  imply t h a t  a l th o u g h  t h e  f r am e-  
t o - f r a m e  d i f f e r e n c e s  can be r e d u c e d ,  th e y  may remain  as  h ig h  as 
-1 9 4  i f  t h e  u n d e r -e x p o se d  band on t h e  f a l s e  c o lo u r  f i l m  i s  i n c l u d e d .
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TABLE 7 .3  SHOWING THE PERCENTAGE DEVIATION OF THE ATTENUATIONS OF 
THE CALIBRATION BOARDS ABOUT THE MEAN, BEFORE AND 
AFTER TRANSFORMING.
Board No.
Film l a y e r
False  Colour 
Red.
% Before 














(Green f i l t e r )
% Before + 5











TABLE 7.4  SHOWING FOR EACH EMULSION LAYER THE SCALING FACTOR
RELATING THE CALIBRATION BOARD DENSITEIS BETWEEN FRAMES







.151 .186 .132 .187 .209 .175 .188 .183
.176 .200 .147 .192 .210 .197  .210  .200
.201 .186 .224 .208  .192 .189 .226 .224
.211 .208  .218 .202 .195 .213 .184 .186
.261 .221 .279 .212 .195 .226 .192 .207
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Table  7 . 4  shows th e  scaling* f a c t o r s  as d e r i v e d  by th e  above method 
f o r  each emuls ion l a y e r  (as  opposed t o  each board)  on each f i l m .
Thus each p a r t i c u l a r  e lement r e p r e s e n t s  t h e  f a c t o r  by which t h e  
i n d i v i d u a l  board  d e n s i t y  measurements  on a g iven  frame need  t o  be 
d i v i d e d  f o r  f r a m e - to - f r a m e  c o m p a t i b i l i t y .  Comparison o f  t h e  e lem en ts  
i n d i c a t e s  th e  a p p l i c a b i l i t y  o f  summed waveband r a t i o  t r a n s f o r m s  
(6 .15).  For t h i s  t r a n s f o r m  to  be e f f e c t i v e  t h e  r a t i o  o f  a g iven
waveband re sp o n se  between two f ram es  s h o u ld  be equal  t o  t h e  r a t i o
from any o t h e r  waveband.
3 23 , FCG 3 2 3 , FOB
For example ------------ - s h o u ld  e q u a l  ------------  and i t  can be seen
3 2 4 , FCG 32 4 , FCB
t h a t  a l th o u g h  in  t h i s  p a r t i c u l a r  c ase  t h e  compar ison  i s  a c c e p t a b l e  
^221 ^  t h e r e  i s  i n  g e n e r a l  poor  c o n s i s t e n c y ,
(176 200)
S i m i l a r l y  i n c o n s i s t e n t  r e s u l t s  were o b t a i n e d  when s i n g l e  waveband
r a t i o #  t r a n s f o r m s  ( 6 ,1 4 )  were a p p l i e d  t o  t h e  same d a t a ,  e , g ,
( 3 2 3 , FCG 3 2 4 , FCG)
(   )
( 3 2 3 , FCB 3 2 4 , FCB)
7 , 1 , 4  The A p p l i c a t i o n  o f  c o r r e c t i o n s  and Trans fo rm s  t o  th e  
P h o to g r ap h ic  Imagery
The d i f f e r e n c e s  between t h e  s t e p  wedge d e n s i t i e s  on t h e  p anch rom at ic  
f i l m s  showed t h a t  f r a m e - t o - f r a m e  and p r o c e s s i n g  e f f e c t s  were minimal 
when compared w i th  th e  changes  s een  between t h e  same image on con­
s e c u t i v e  f rames o f  a p a r t i c u l a r  f i l m .
Frame-to-Frame d i f f e r e n c e s  a r e  t h e  r e s u l t  o f  changing  s u n - t a r g e t -  
camera a n g le s  and a l t h o u g h  f o r  a s p e c i f i c  s e t  o f  a n g le s  (T ab le  7 ,3 )  
a c o r r e c t i o n  f a c t o r  was d e r i v e d ,  i n  g e n e r a l  i t  was no t  f e a s i b l e  
t o  d e r i v e  a com ple te  s e t  t o  c o r r e c t  t h e  whole image.
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S i n g l e  and summed waveband r a t i o  t r a n s f o r m s  were a p p l i e d  t o  t h e  
d a t a  r e l a t i n g  to  t h e  b o a r d s ,  w i th  i n c o n s i s t e n t  r e s u l t s .  Th is  was 
most p ro b a b ly  due t o  t h e  d i f f e r e n c e s  i n  gammas between t h e  emuls ion  
l a y e r s ,  but f u r t h e r  c o n t r o l l e d  e x p o su r e s  would be r e q u i r e d  t o  t e s t  
t h i s  h y p o t h e s i s ,
i
The c a l i b r a t i o n  b o a rd s  r e p r e s e n t e d  t h e  most s p e c u l a r  s u r f a c e s  
e n c o u n te re d  on th e  imagery  -  w i th  t h e  e x c e p t i o n  o f  smooth w a te r  
s u r f a c e s  -  and,  c o n s e q u e n t l y ,  t h e  f r a m e - to - f r a m e  d i f f e r e n c e s  
R ep r e s e n te d  t h e  w o rs t  c a s e s  t h a t  cou ld  be e x p e c t e d .  T y p i c a l l y  
th e y  were seen  to  be a change o f  be tween 104  t o  304  i n  t h e  a b s o l u t e  
d e n s i t y  r e c o r d e d  on t h e  f i l m ,
7 ,2  The A n a ly s i s  o f  D e n s i ty  Scans  made on t h e  P h o to g r ap h ic  
Imagery
Areas o f  t e r r a i n  f o r  s tu d y  were chosen  e i t h e r  p r i o r  t o  or  d u r in g  
th e  A u s t r a l i a n  f i ^ l d  s tu d y  programme. Most a r e a s  were l o c a t e d  
w i t h i n  Block A ( F ig u r e  4 .1 0 )  and were r e l a t e d  t o  t h e  geobo tcu i ica l  
ano m al ie s  a s s o c i a t e d  w i th  s u r f a c e  or  n e a r  s u r f a c e  m i n e r a l i s a t i o n .  
Sampling o f  t h e  t e r r a i n  was c a r r i e d  ou t  by t h e  geography team a long  
a t r a n s e c t  chosen to  ru n  a c r o s s  t h e  anomaly and i n t o  t h e  background 
r e g i o n s  on e i t h e r  s i d e .  The anom al ies  t e n d e d  t o  be o f  a h i g h l y  
e l i p t i c a l  s h ap e ,  o f t e n  a few t e n s  o f  m e t re s  a c r o s s  and a few 
h u n d re d s  o f  m e t re s  i n  l e n g t h .  Any p a r t i c u l a r  anomaly was u s u a l l y  
c o n t a i n e d  w i th in  one o r  two f ram es  o f  t h e  1:15000  s c a l e  im agery .
The l i n e  o f  t h e  t r a n s e c t  was i n  some c a s e s  d e l i n e a t e d  b e f o r e  
pho tography  to o k  p l a c e  w i th  s p o t s  o f  w h i te  p a i n t  a few t e n s  of  
c e n t i m e t r e s  a c r o s s .  The d e n s i t o m e t e r  s c a n s  made on t h e  imagery  
pa sse d  th ro u g h  t h e s e  s p o t s .  C o n se q u e n t ly ,  t h e  e x a c t  l o c a t i o n s  o f  
th e  s c a n s  v/ere known and when d i f f e r e n t  em u ls ions  were sca n n e d ,  
p roblems w i th  r e g i s t r a t i o n  be tween each em uls ion  were r e d u c e d .
— 162 —
D e n s i ty  scans  were made over  s e v e r a l  d i f f e r e n t  t y p e s  o f  t e r r a i n ,  
v e g e t a t i o n  f e a t u r e s  and t h e  c a l i b r a t i o n  b o a r d s .  The r e s u l t s  p r e s e n t e d  
a r e  t y p i c a l  o f  t h o s e  o b t a i n e d ,  a l th o u g h  t h e  c l a s s i f i c a t i o n s  d e r i v e d  
from c l u s t e r i n g  programmes u s i n g  t r a n s f o r m e d  d a t a  have n o t  been 
p r e s e n t e d  as t h e  r e s u l t s  were i n c o n c l u s i v e .
I t e r a t i v e  r e l o c a t i o n  t e c h n i q u e s  were a p p l i e d  to  th e  measurement 
space  c l u s t e r i n g  r o u t i n e s ,  b u t , as  no d r a m a t i c  improvements in  
c l a s s i f i c a t i o n  a c c u r a c i e s  v/ere o b t a i n e d ,  no p i c t o r i a l  r e s u l t s  a re  
p r e s e n t e d .  I t  was n o t i c e d  how ever , t h a t  f o r  d i f f e r e n t  i n i t i a l  
c l u s t e r i n g s ,  i t  was n o t  u n t i l  a l e v e l  of  be tween 8 and 3 g roups  
was r e a c h e d  t h a t  t h e  c l u s t e r e d  g roups  were s i m i l a r .  I t  was shown 
e a r l i e r  ( 6 . 8) t h a t ,  a t  l e a s t  i n  t h e o r y ,  s i m i l a r  r e s u l t s  would be 
o b t a i n e d  when t h e  l e v e l  e q u a l l e d  t h a t  of th e  number o f  ' n a t u r a l *  
c l u s t e r s .  C o n s i d e r a t i o n  o f  t h e  p h y s i c a l  s i g n i f i c a n c e  a t  t h i s  l e v e l  
o f  c l u s t e r i n g  showed t h a t  th e y  were o f  th e  c o r r e c t  o r d e r ,  b u t  as 
w i l l  be shovm l a t e r  on,  t h e  number o f  r e l e v a n t  groups  v/as most 
e a s i l y  d e te rm in ed  by r e f e r e n c e  t o  known t e r r a i n  f e a t u r e s .
7 . 3  The Computer P r o c e s s i n g  Used f o r  t h e  C l a s s i f i c a t i o n  o f  t h e  
P h o to g rap h ic  Imagery
A s l i g h t l y  m o d i f i ed  v e r s i o n  of  V/ard's e r r o r  sum o f  s q u a r e s  c l u s t e r i n g  
r o u t i n e  was programmed on th e  computer# Th is  r o u t i n e  was chosen 
as i t  appea red  t o  be most a p p r o p r i a t e  t o  t h e  ex pec ted  d a t a  and 
would s e a r c h  f o r  t i g h t ,  g a u s s i a n - t y p e  c l u s t e r s  i n  measurement 
s p a c e .  L a te r  m o d i f i c a t i o n s  permit ted  image space  c l u s t e r i n g  t o  be 
pe r fo rm ed  fo l lov/ed by measurement space  c l u s t e r i n g  v/hen 15 groups 
v/ere r e a c h e d .  The r e s u l t s  from t h e s e  programmes, t o g e t h e r  w i th  
th e  raw d a t a  v/ere w r i t t e n  on t o  m agnet ic  t a p e .  Th is  en ab le d  f u r t h e r  
p r o c e s s i n g  of  t h e  c l u s t e r e d  d a t a  t o  be u n d e r t a k e n .  R o u t in e s  f o r  
d e r i v i n g  mean d e n s i t i e s ,  r . m . s .  d e v i a t i o n s ,  f e a t u r e  space  p l o t s  
and o t h e r  f u n c t i o n s  o f  th e  d a t a  s e t  were w r i t t e n .  A programme v/as 
a l s o  d e v i s e d  and w r i t t e n  to  e n a b le  t h e  r e s u l t s  o f  t h e  c l u s t e r i n g  to  
be d i s p l a y e d  in  a s p a t i a l  f a s h i o n .  I t  was te rm ed  a Group D is ­
t r i b u t i o n  p l o t  and was out%)ut on m i c r o f i l m .  The Group D i s t r i b u t i o n
-  1 6 3  -
p l o t s  enab led  th e  p h y s i c a l  s i g n i f i c a n c e  of  d i f f e r e n t  l e v e l s  of  
g ro u p in g  to  be a s s e s s e d  by d i s p l a y i n g  th e  c l a s s i f i c a t i o n  o f  t h e  
o b s e r v a t i o n s  in  t h e  fo rm at  o f  t h e  o r i g i n a l  scan l i n e .  Although 
th e  p l o t s  a r e  d e r i v e d  by t h e  r e d u c t i o n  o f  t h e  number o f  c l a s s i f i c ­
a t i o n s  by one a t  each s t e p ,  i t  has  been found e a s i e r  t o  d i s c u s s  th e  
r e s u l t s  by c o n s i d e r i n g  t h e  s m a l l e s t  number o f  groups  -  two -  and 
then  thre fe ,  f o u r ,  f i v e  and so on .
F ig u r e  7 .12  sho-^s th e  Group D i s t r i b u t i o n  f o r  th e  measurement space  
c l u s t e r i n g  ou tp u t  p e r t a i n i n g  t o  t h e  l i n e  d e l i n e a t e d  by a r r o ’;s on 
F ig u re  7 . 1 1 .  The a b s c i s s a ,  numbered 1 -  128, r e p r e s e n t s  t h e
o b s e r v a t i o n  number c o r r e s p o n d i n g  t o  t h a t  p a r t  o f  t h e  s can  l i n e  
shown d i r e c t l y  above in  F i g u r e  7 . 1 1 .  Three  of  t h e  e i g h t  d e n s i t y  
s can s  made a lo n g  th e  l i n e  a r e  shown in  F ig u r e  7 . 1 0 .  The G.D. 
p l o t  o r d i n a t e  (numbered 1,  3» • . . « • »  25) r e p r e s e n t s  th e  number 
o f  c l u s t e r s  (g ro u p s )  shovm a t  t h a t  o r d i n a t e  ( o r  l e v e l  number) on 
th e  p l o t .  Thus ,  f o r  F ig u r e  7 . 1 2 ,  a t  t h e  t h r e e  group l e v e l ,  ob­
s e r v a t i o n s  1,  2 and 3 ( seen  by comparison w i th  F ig u re  ? . l l  to  
c o r r e l a t e  w i th  a shadow) a re  c l a s s i f i e d  as  s i m i l a r  and a r e  r e p ­
r e s e n t e d  by symbol 4 ,  S i m i l a r l y ,  o b s e r v a t i o n s  15 to  36 b e lo n g  
t o  t h e  g roup r e p r e s e n t e d  by t h e  symbol 6,  and so on .  The symbols ,  
which a r e  m ere ly  l a b e l s  and a r e  r e l e v a n t  o n ly  to  a p a r t i c u l a r  
f i g u r e , v/ere r e s t r i c t e d  t o  15 in  number t o  a v o id  c o n f u s i o n .
Although th e  a c t u a l  c l a s s i f i c a t i o n  o f  o b s e r v a t i o n s  was pe r form ed  
w i th  c l u s t e r i n g  r o u t i n e s ,  s e v e r a l  d i f f e r e n t  forms o f  d a t a  p r o ­
c e s s i n g  were a p p l i e d  t o  t h e  d a t a  p r i o r  t o ,  and independen t  o f ,  
th e  c l u s t e r i n g  in  o r d e r  to  i n v e s t i g a t e  t h e i r  u s e f u l n e s s  in  d a t a  
r e d u c t i o n .  The r e s u l t s  from t h e s e  i s  p r e s e n t e d  in  S e c t i o n  7 . 7 .
7*4 The A p p l i c a t i o n  o f  C l u s t e r  A n a ly s i s  R o u t in e s  t o  t h e  
P h o to g r a p h ic  Imagery
The a n a l y s i s  p r o c e d u r e s  were i n i t i a l l y  a p p l i e d  t o  scans  made ove r  
th e  c a l i b r a t i o n  b o a r d s .  T h is  e n a b le d  t h e  computer r e s u l t s  t o  be 
a s s e s s e d  over an a r e a  f o r  which t h e  d e s i r e d  r e s u l t s  were known,
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i . e .  as  a r e s u l t  o f  th e  d i g i t i z a t i o n  o f  t*he scanned d a t a  ove r  t h e  
b o a r d s ,  th e  c l u s t e r  a n a l y s i s  r o u t i n e s  s h o u ld  p ro v id e  s ix  c l u s t e r s  
c o r r e s p o n d i n g  t o  t h e  s i x  b o a r d s .  W hi ls t  o v e r a l l  such a r e s u l t  
was o b t a i n e d ,  i t  was found t h a t  when any two boards  were examined,  
as a r e s u l t  o f  th e  f i n i t e  s i z e  o f  th e  s ca n n in g  a p e r t u r e ,  t h e r e  
was an i n e v i t a b l e  sm ooth ing  o f  t h e  d e n s i t y  s t e p  a t  th e  boundary  
between t h e  b o a r d s .  C o n seq u en t ly  t h e r e  were c a s e s  when t h i s  
smoothed r e g i o n  was m i s c l a s s i f i e d . However, in  te rms o f  p e r ­
c e n t a g e s ,  t h e s e  e r r o r s  were l e s s  10% o f  t h e  t o t a l  number o f  
o b s e r v a t i o n s .  The a n a l y s i s  t e c h n i q u e  was r e g a r d e d  as s a t i s f a c t o r y  
and was s u b s e q u e n t l y  a p p l i e d  t o  a r e a s  o f  v e g e t a t i o n  and s o i l ,
7 . 4 . 1  The A n a ly s i s  o f  an Area o f  Banded V e g e t a t i o n :  F i g u r e s  
7 .10  t o  7 .1 3
F ig u r e  7.11 shows t h e  a r e a  o f  t h e  Dugald R iv e r  Lode which was 
sca n n e d .  The scan  l i n e  r a n  a t  r i g h t - a n g l e s  t o  th e  banded v e g e t a t i o n ,  
th e  l a t t e r  b e i n g  t h e  r e s u l t  o f  n e a r  s u r f a c e  m i n e r a l i s a t i o n .
Symbols a - a ,  b - b , e t c . on F igu re  7 .11  d e l i n e a t e  t h e  b o u n d a r i e s  o f  
p a r t i c u l a r  v e g e t a t i o n  communities  and s o i l  t y p e s .  The v a r i a t i o n s  
w i t h i n  each o f  t h e  t h r e e  d e n s i t y  s c a n s  shown in  F ig u re  7 .1 0  demon­
s t r a t e  th e  h igh i n f o r m a t i o n  c o n t e n t  p r e s e n t  and t h e  degree  o f  
c o r r e l a t i o n  be tween s c a n s .
Measurement space  c l u s t e r  a n a l y s i s  v/as a p p l i e d  t o  t h e  s e t  o f  ob­
s e r v a t i o n s  d e r i v e d  from t h e  e i g h t  d e n s i t y  s c a n s ;  t h e  r e s u l t s  
b e in g  p r e s e n t e d  i n  t h e  G.D. p l o t ,  F ig u r e  7 . 1 2 .  A c l a s s i f i c a t i o n  
i n t o  two groups  e s s e n t i a l l y  d i s c r i m i n a t e s  between l i g h t e r  a r e a s ,  
symbol 6 , and d a r k e r  a r e a s ,  symbol 1 .  I t  s h o u ld  be n o te d  t h a t  
d i r e c t  v i s u a l  c o r r e l a t i o n  w i th  t h e  b l a c k  and w h i te  e n la r g e m e n t .
F ig u r e  7.11» i s  no t  p o s s i b l e  as  th e  c l u s t e r i n g  v/as a p p l i e d  t o  
e i g h t  wavebands.  C l u s t e r i n g  i n t o  t h r e e  groups  c o r re sp o n d s  t o  l i g h t  
c o lo u r  ground ( 6 ) ,  shadows and v e r y  da rk  t o n e s  ( 1) ,  and v e g e t a t i o n  
( 4 ) .  Symbol (1) i s  formed by t h e  merging  o f  (1) and (2) a t  l e v e l  
f o u r ,  ( 1) c o r r e s p o n d i n g  t o  t h e  shadows v /h i l s t  ( 2) a p p ea rs  t o  r e l a t e
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t o  s em i - sh ad ed  a r e a s  and v e r y  d a rk  to n e d  v e g e t a t i o n *  Level f i v e  
r e p r e s e n t s  th e  s t a g e  a t  which t h e  s t r e t c h  o f  b a re  g round ,  d a t a  
p o i n t s  16 t o  3^1 i s  d i f f e r e n t i a t e d  from a l l  o t h e r  r e g i o n s ,  w h i l s t  
l e v e l  s i x  a p p ea rs  t o  s e p a r a t e  t h e  h e a v i l y  shaded a r e a s  (8) from 
t h e  da rk  toned  v e g e t a t i o n  ( 2 ) .
In  common v/ith t h e  o t h e r  examples o f  t e r r a i n  c l a s s i f i c a t i o n  i n ­
c lu d ed  w i th in  t h i s  c h a p t e r ,  t h e  d e c i s i o n  as t o  t h e  a p p r o p r i a t e  
and r e l e v a n t  number of  groups r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n .
One approach  used  was to  examine t h e  change i n  t h e  e r r o r  te rm 
( 6 . 9 )  which sh o u ld  show th e  l e v e l  a t  which ' n a t u r a l '  c l u s t e r s  were 
merged t o g e t h e r ,  W hi ls t  t h i s  was seen  t o  be v a l i d  in  th e  case  o f  
t h e  c a l i b r a t i o n  b o a r d s ,  no such  e f f e c t s  were seen  d u r i n g  th e  c a se s  
o f  c l a s s i f i c a t i o n  o f  n a t u r a l  e n v i r o n m e n t s .  A l t e r n a t i v e l y ,  t h e  
d e l i n e a t i o n s  of  v e g e t a t i o n  communit ies  and s o i l  t y p e s  by t h e  geo­
graphy team was used  as a t e m p l a t e  f o r  choos ing  a p a r t i c u l a r  l e v e l .  
U n f o r t u n a t e l y  t h i s  was n o t  found t o  be t o t a l l y  s a t i s f a c t o r y  as  t h e  
c r i t e r i o n  used by t h e  geography  team to  d e f i n e  homogeneous a r e a s  
and th e n c e  to  d e l  in e a t e  b o u n d a r i e s  i n c l u d e d  t e x t u r a l  and o t h e r  
s p a t i a l  f e a t u r e s  which were no t  used  to  d e r i v e  t h e  computed c l u s t e r i n g  
r e s u l t s .  The method f i n a l l y  chosen was t o  examine b o th  t h e  geo­
graphy t e a m 's  ' ground t r u t h '  d a t a  and th e  c o lo u r  f i l m s  o f  t h e  a r e a  
in  c o n j u n c t i o n  wi t h  t h e  G.D. p l o t s .  A l e v e l  o f  g ro u p in g  was th e n  
chosen which gave a r e l e v a n t  g r o u p in g  in  te rras  o f  o b se rv ed  t e r r a i n  
f e a t u r e s .  Thus,  in  t h e  example d i s c u s s e d  above,  l e v e l  f i v e  was 
chosen as  i t  s e p a r a t e d  t h e  b a r e  s u r f a c e  ro ck s  and s to n y  c l a y s  (? ) 
from a l l  o t h e r  a r e a s  o f  sandy s o i l s ;  t h e  l a t t e r  b e in g  co vered  wi th  
t r i o d l a  ( 4 ) ,  l i g h t  v e g e t a t i o n  -  p ro b a b ly  s p a r s e  t r i o d i a  and s o f t  
g r a s s e s  -  ( 6 ) ,  and i n t e r s p e r s e d  w i th  shaded a r e a s  ( 2 ) .
D e s p i t e  t h e  s u p e r f i c i a l l y  a c c e p t a b l e  c o r r e l a t i o n  o f  t h e  o u t p u t  wi th  
t e r r a i n  c l a s s e s ,  t h e  c l a s s i f i c a t i o n  l a c k e d  t h e  l a r g e  un i fo rm  a r e a s  
which a r e  n o rm a l ly  a s s o c i a t e d  w i th  t h e  t h e m a t i c  maps d e r i v e d  when, 
f o r  example,  v e g e t a t i o n  a s s o c i a t i o n s  a r e  d e l i n e a t e d .  Th is  was shown
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when t h e  a r e a  under  s t u d y  was c l a s s i f i e d  from d i r e c t  o b s e r v a t i o n s  
made on th e  t r u e  c o lo u r  f i l m  and t h e  r e s u l t s  were compared w i th  
t h o s e  from F ig u r e  7 • 1 2 .
A two group a s s e s s m e n t  o f  t h e  c o lo u r  f i l m  a s s o c i a t e d  t h e  f o l l o w i n g  
d a t a  p o i n t s :
( i )  1 -  15 and 57 -  128
( i i )  16 -  56
S i m i l a r l y  a f o u r  g roup  a s s e s s m e n t  r e s u l t e d  in  t h e  a s s o c i a t i o n  o f :
( i )  1 - 1 5  and 57 -  90
( i i )  15 -  36
( i i i )  36 -  57
( i v )  90 -  128
Some s t r u c t u r i n g  was s e e n  w i t h i n  F i g u r e  7*12 which cou ld  have 
s u p p o r te d  such  a c l a s s i f i c a t i o n  bu t  i t  was by no means o b v io u s .  
C onsequen t ly  i t  was d e c id e d  t o  a p p ly  image space  c l a s s i f i c a t i o n  
r o u t i n e s  (6 ,1 1 )  in  an a t t e m p t  t o  encourage  t h e  a s s o c i a t i o n  o f  
s p a t i a l l y  n e i g h b o u r i n g  p o i n t s  w i th  r e l a t i v e l y  un i fo rm  c h a r a c t e r i s t i c s  
r a t h e r  t h a n  t h a t  o f  s p e c t r a l l y  s i m i l a r  bu t  s p a t i a l l y  i s o l a t e d  p o i n t s .
F ig u r e  7-13  shows t h e  G.D, p l o t  r e s u l t i n g  from th e  h y b r i d  image/
measurement space  c l u s t e r i n g  o f  t h e  o b s e r v a t i o n s  d e r i v e d  a lo n g  t h e
l i n e  shown in  F i g u r e  7 . 1 1 .  As w i th  a l l  o t h e r  examples o f  t h i s  
h y b r id  c l u s t e r i n g  r o u t i n e ,  t h e  s p a t i a l  c r i t e r i o n  was r e l e a s e d  a t  
l e v e l  1 5 » and measurement s p ac e  c l u s t e r i n g  r o u t i n e s  a p p l i e d .
C l e a r l y ,  sequences  o f  o b s e r v a t i o n s  have been a s s o c i a t e d  w i t h i n  t h e  
same g roup ,  a l t h o u g h  a t  two and t h r e e  l e v e l s  o f  g ro u p in g  t h e r e  was 
a s t r o n g  d eg ree  o f  c o r r e l a t i o n  be tween t h i s  c l a s s i f i c a t i o n  and t h a t  
shown in  F ig u re  7*12 .  Even s t r o n g e r  c o r r e l a t i o n  was shown a t  l e v e l  
f i v e  when compared w i th  t h e  f o u r  g roups  d e r i v e d  by o b s e r v a t i o n s  
made on th e  c o lo u r  f i l m  -  t h e  f i f t h  group r e l a t e d  t o  shadows which 
were n o t  r e c o r d e d  on t h e  f o u r  group o b s e r v a t i o n s .  I t  was c o n s i d e r e d
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t h a t  a c l a s s i f i c a t i o n  between f i v e  and 13 groups  cou ld  have been 
a p p r o p r i a t e  t o  t h i s  p a r t i c u l a r  s ca n  t ime.* However too  d e t a i l e d  a 
c o r r e l a t i o n  was n o t  a t t e m p t e d  in  view o f  t h e  r e l a t i v e l y  sm al l  d a t a  
sample and t h e  l a c k  o f  s u f f i c i e n t  ground t r u t h .
The dendrogram f o r  th e  f i v e  t o  two l e v e l  c l a s s i f i c a t i o n  g a v e : -
Synbols  a re  shown as b r a c k e t e d  f i g u r e s .
Bare Ground T r i o d i a  bushes  Shadows Heavy cover  Dark^toned
. and s o f t  g r a s s e s  o f  T r i o d i a  v e g e t a t i o n
(3) (2) (1) (4) (9)
(4) Dark a r e a s  o f  
v e g e t a t i o n
(1) Dark a r e a s  o f  covered  
t e r r a i n
(3) Bare ground (2) V e g e t a t i o n  and shadows
A f e a t u r e  o f  p a r t i c u l a r  i n t e r e s t ,  which w i l l  be d i s c u s s e d  more 
f u l l y  i n  S e c t i o n  iO was t h e  p r e s e n c e  o f  t r e e s .  I t  was o b se rv ed  
t h a t  over  th e  image, d i s t i n c t  c o r r e l a t i o n s  were p r e s e n t  be tween 
th e  v e g e t a t i o n  co m m u n i ty / so i l  ty p e  and th e  number o f  t r e e s  p r e s e n t .  
Thus a lo n g  and t o  e i t h e r  s i d e  o f  t h e  scan  l i n e ,  t h e  a r e a  be tween 
d a t a  p o i n t s  0 -  15 had few t r e e s ;  16 -  56 no t r e e s ;  and
57 ~ 128 a s i g n i f i c a n t  number o f  t r e e s .  Such a c o r r e l a t i o n  i s
n o t  u n ex p ec te d  as i t  forms t h e  b a s i s  o f  g e o b o t a n i c a l  r e l a t i o n s h i p s  
and a r i s e s  out o f  t h e  dependence  o f  t h e  v e g e t a t i o n  on i t s  h o s t  
s o i l .  I n f o r m a t io n  o f  t h i s  ty p e  cou ld  be used  as an a d d i t i o n a l  
f e a t u r e  v e c t o r .  The te rm  ' f e a t u r e  v e c t o r '  i s  used  r a t h e r  th a n  
'measurement v e c t o r ' as t h e  i n f o r m a t i o n  would be d e r i v e d  from 
measurements  r a t h e r  th a n  b e in g  a measurement v e c t o r  i t s e l f .
7 . 4 .2  A n a l y s i s  o f  an Area w i th  D eve lop ing  S o i l  Types;  F ig u r e  7 .1 4  
t o  7 .1 7
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FIGURES 7 .1 4  to 7 .17  -  PAGE 172
F ig u r e  7 .1 4  : Three  examples o f  t h e  d e n s i t y  scans  made a lo n g  
t h e  l i n e  d e l i n e a t e d  in  f i g u r e  7 .1 5  w i th  a r r o w s .
F ig u r e  7 .15  : The area examined,  v/i th t h e  scan  r e g i o n  i n d i c a t e d  
by a r r o w s . The s c a l e  i s  t h e  same as t h a t  f o r  t h e  
accompanying f i g u r e s .
F ig u r e  7 .1 6  ; The Group D i s t r i b u t i o n  p l o t  r e l a t i n g  t o  t h e  
measurement space  c l u s t e r i n g .
F igure  7 .17  : The Group D i s t r i b u t i o n  p l o t  r e l a t i n g  t o  th e  
image space  c l u s t e r i n g .
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The second a r e a  t o  be p r e s e n t e d ,  see  F ig u r e  7.15» was one o f  f l a t  
t e r r a i n  w i th  s k e l e t a l  s o i l s  and more deve loped  s o i l s  in  t h e  form 
of  c l a y s .  The development o f  t h e  c l a y s  has  r e s u l t e d  i n  an a s s o c i a t e d  
o v e r l y i n g  v e g e t a t i o n  cover  s ee n  in  t h e  l e f t  hand p o r t i o n  o f  F igu re
7 . 1 5 . The l e s s  deve loped  r e g i o n  t o  t h e  r i g h t  o f  c e n t r e  was seen 
to  be ali.’^ ost devo id  of v e g e t a t i o n ,  excep t  f o r  t r e e s .  As w i th  th e  
p r e v i o u s  a n a l y s i s  above,  t h e r e  was a marked c o r r e l a t i o n  between 
t h e  t r e e s  and th e  h o s t  s o i l s ;  few t r ^ e s  o c c u r r i n g  to  t h e  l ^ f t  o f  
d a t a  p o i n t  57» bu t  many to  t h e  r i g h t ,  A t r a c k  was o b s e r v ed  ru n n in g  
a lmos t  v e r t i c a l l y  in  F igu re  7 .1 5  in  t h e  v i c i n i t y  o f  d a t a  p o i n t
30 w h i l s t  a d ry  d r a i n a g e  channel  w i th  i t s  a s s o c i a t e d  heavy v e g e t a t i o n  
cover  was seen  a t  60° t o  t h e  v e r t i c a l  a x i s  from d a t a  p o i n t  70,
The G,D, p l o t  r e l a t i n g  to  t h e  measurement space  c l u s t e r i n g ,  F igu re
7 . 1 6 , does no t  c o r r e l a t e  w e l l  w i th  F ig u re  7.15* a l t h o u g h ,  as  was 
ment ioned  e a r l i e r ,  t h e  c l u s t e r i n g  r e s u l t s  r e l a t e d  t o  t h e  e i g h t  
s p e c t r a l  wavebands whereas  F ig u r e  7 .1 5  shows on ly  t h e  t o n a l  v a r ­
i a t i o n s  from one waveband. At t h e  two l e v e l  g ro u p in g ,  symbols i  and 
5 a p p ea r  to  d i f f e r e n t i a t e  shadows and v e r y  d a rk  to n e d  v e g e t a t i o n  
from medium to n e d  v e g e t a t i o n  and b a re  g round .  T h is  was t h o u g h t  t o  
be somewhat s u r p r i s i n g  as i n t u i t i v e l y  th e  c l a s s i f i c a t i o n  shou ld  
have s e p a r a t e d  t h e  l i g h t e r  to n e d  r e g i o n ,  d a t a  p o i n t s  63 -  113» 
from t h e  r e s t  o f  t h e  r e l a t i v e l y  d a r k e r  a r e a s .  Such a s e p a r a t i o n  
o c cu r s  a t  l e v e l  t h r e e  where symbol 6 c o r r e sp o n d s  t o  t h e  l i g h t e r  a r e a  
b a r e  g round ,  and symbol 5 t o  t h e  medium to n e d  v e g e t a t i o n .  Level  4 
c o r r e sp o n d s  t o  th e  p o i n t  a t  which t h e  shadows, ( 1 ) ,  and t h e  dark  
v e g e t a t i o n ,  ( 2 ) ,  a r e  i s o l a t e d .  F u r t h e r  d i v i s i o n  o f  p o i n t s  c l a s s i f i e d  
as symbol 5 a t  l e v e l  f o u r  a p p e a r s  a t  f i v e  w i th  t h e  new symbol 5
now r e p r e s e n t i n g  t h e  medium t o n e d  v e g e t a t i o n  w h i l s t  (7) r e l a t e s  
t o  a more s p a r s e  v e g e t a t i o n ,  p ro b a b ly  o f  s o f t  g r a s s e s ,  in  an a r e a  
where p r o p o r t i o n a t e l y  more s o i l  i s  seen  th ro u g h  t h e  v e g e t a t i o n  
can o p y .  At l e v e l  s i x ,  t h e  a r e a  between d a t a  p o i n t s  90 and 112 became 
two s e p a r a t e  e n t i t i e s .  However,  such a d i v i s i o n  does n o t  r e l a t e  
t o  any p a r t i c u l a r  q u a n t i t y  o r  q u a l i t y  o f  t h e  t e r r a i n ,  and a l th o u g h  
s u b se q u e n t  i n v e s t i g a t i o n s  on t h e  ground could  show t h e  d i v i s i o n s  t o
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be r e l e v a n t ,  from th e  p o i n t  o f  view o f  th*e a n a l y s i s ,  l e v e l  f i v e  
was c o n s i d e r e d  to  be t h e  e f f e c t i v e  upper l i m i t .  O b s e r v a t io n s  made 
on t h e  t r u e  c o lo u r  t r a n s p a r e n c y  o f  t h e  a r e a  showed t h a t  fo u r  a r e a s  
were r e a d i l y  d i s t i n g u i s h a b l e .  These a r e  shown below in  c o n ju n c t io n  
wi th  a summary o f  th e  l e v e l  f i v e  measurement space  c l u s t e r i n g  
c l a s s i f i c a t i o n *
Data P o i n t s V isua l  C l a s s i f i c a t i o n Measurement Space 
( l e v e l  f i v e )  
C l a s s i f i  c a t i o n
0 - 6 2 Light,grey-gTeen coloured 
vegetation with grey-brown 
areas of bare soil
Mainly symbols 5 and 2
6 3 -  75 
76 -  112
S o i l  s i m i l a r  t o  above
White ch a lk y  c o lo u r e d  
s u r f a c e  with  clumps of  
v e g e t a t i o n .
Mainly symbols 6 and 7
P r ed o m in an t ly  svmbol 6
113 -  120 A d r a i n a g e  channe l  w i th
i t s  a s s o c i a t e d  heavy 
v e g e t a t i o n .
Symbol 7
Measurement space  r o u t i n e s  were a l s o  a p p l i e d  when inn ge sp ac e  
r o u t i n e s  had r e d u c e d  t h e  120 o r i g i n a l  o b s e r v a t i o n s  t o  15 c l u s t e r s .  
Such a s t e p  was t a k e n  in  o rd e r  to  a t t e m p t  t o  reduce  t h e  d i f f e r e n c e s  
between t h e  v i s u a l  and computed c l a s s i f i c a t i o n s  shown above .
The r e s u l t s  o f  t h e  image sp ac e  c l u s t e r i n g  t e c h n i q u e  a r e  p r e s e n t e d  
in  F ig u r e  7 . 1 7 ,  The d i f f e r e n c e s  between f i g u r e s  7 .1 6  and 7 .17  
a r e  c o n s i d e r a b l e  and t h e  image sp ac e  c l a s s i f i c a t i o n s  a r e  shown 
below in  t h e  form of  a dendrogram .  The dendrogram e n ab le s  t h e  
h i e r a r c h i c a l  n a t u r e  o f  th e  c l u s t e r i n g  t o  be p r e s e n t e d  a l o n g  with  
t h e  t e r r a i n  c l a s s i f i c a t i o n .
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Symbols a r e  shown in  b r a c k e t s .
Bare Very l i g h t  Shadows Dark to n e d  L igh t  to n e d  Noise
Ground to n e d  b a re  s o i l  v e g e t a t i o n  v e g e t a t i o n
(4) ( . )  (1) (2) (6) ( . )
(4) Bare ground
(4) Bare ground
(6) L igh t  toned  
v e g e t a t i o n
(2) V e g e ta t i o n
(1) V e g e t a t i o n  and shadows
C o n se q u e n t ly ,  in  t h i s  c a s e ,  a l t h o u g h  t h e  number o f  r e l e v a n t  groups 
r e p r e s e n t i n g  t h e  f i n a l  c l a s s i f i c a t i o n  was t h e  same f o r  b o th  methods 
of c l u s t e r i n g ,  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  c l a s s i f i c a t i o n s  was 
d i f f e r e n t .  The image sp ace  c l a s s i f i c a t i o n  was judged  to  be o f  more 
v a lu e  as  i t s  d e l i n e a t i o n s  r e sem b le d  more c l o s e l y  t h o s e  d e r i v e d  from 
t h e m a t i c  v e g e t a t i o n  and s o i l  maps.
7 . 4 . 3  C l a s s i f i c a t i o n  of  an Area A f f e c t e d  by M i n e r a l i s a t i o n :
F ig u r e s  7*18 to  7 .21
In  F ig u r e  7 .19  a t r a c k  i s  shown c r o s s i n g  th e  scan  l i n e  a t  t h e  e i g h t h  
d a t a  p o i n t  w h i l s t  a d ry  w a te r  co u rse  i s  i n t e r s e c t e d  by t h e  scan a t  
th e  42nd p o i n t .  In  t h e  v i c i n i t y  o f  th e  1 2 0 th .  d a t a  p o i n t  t h e  scan  
c u t s  a c r o s s  t h e  d a r k  v e g e t a t i o n  a s s o c i a t e d  w i th  a sm a l l  q u a r t z  r e e f .  
On b o th  s i d e s  o f  t h e  r e e f ,  low l e v e l s  o f  m i n e r a l i s a t i o n  were found as 
a r e s u l t  of  ground s u r v e y s .
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FIGURES 7 .18  to  7.21 -  PAGE 177
F ig u re  7 .18  : Three  examples o f  t h e  d e n s i t y  s can s  made on t h e  
r e g i o n  d e l i n e a t e d  in  f i g u r e  7 . 19 .
F ig u re  7 .19  : The a r e a  s t u d i e d ,  showing t h e  t r a n s e c t  l i n e ,  d e l i n e a t e d  
w i th a r r o w s .
F ig u re  7 .20  : The measurement s p a c e  c l u s t e r i n g  Group D i s t r i b u t i o n  
p l o t ,



















D i r e c t  o b s e r v a t i o n s  o f  t h e  t r u e  c o l o u r  f i l m  su g g es te d  t h a t  e i g h t  
r e g i o n s  o f  r e l a t i v e  un i fo rm  n a t u r e  cou ld  be e x p e c t e d .  However,  t h e s e  
were d e r i v e d  n o t  o n ly  by o b s e r v in g  th e  l i n e  o f  t h e  scan  b u t  a l s o  by 
an i n e v i t a b l e  aw areness  o f  t h e  immediate  s u r r o u n d i n g s .  Consequen t ly  
th e  o b s e r v a t i o n s  were t h e  r e s u l t  of bo th  t o n a l  and t e x t u r a l  f e a t u r e s  
and, t h e r e f o r e ,  d i r e c t  c o r r e l a t i o n s  wi th  t h e  c l u s t e r  a n a l y s i s  -  
which r e l i e d  s o l e l y  on s p e c t r a l  i n f o r m a t i o n  -  was no t  ex p ec te d  to  
y i e l d  good r e s u l t s .  The e i g h t  groups  a r e  l i s t e d  below;
Data P o i n t s  C h a r a c t e r i s t i c
1 0 - 1 8  Green-brown c o lo u r e d  v e g e t a t i o n :  S o f t
g r a s s e s .
1 -  9» 19 ~ 33 Pa tchy  v e g e t a t i o n  on c l a y  loam,
34 -  40 Denser v e g e t a t i o n ,  s i m i l a r  t o  10 -  18 and
a s s o c i a t e d  w i th  t h e  h i g h e r  m o i s tu r e  c o n te n t  
from th e  s t r e am  bed -  d a t a  p o i n t  41 ,
42 -  65 V e g e t a t i o n  s i m i l a r  t o  34 -  40 bu t  on a
d i f f e r e n t  s o i l ,
66 -  75» 146 -  164 S o i l  as f o r  42 -  65 b u t  w i th  b r i g h t  g reen
v e g e t a t i o n  -  p ro b a b ly  t r i o d i a ,
76 -  88,  99 -  105 D i f f e r e n t  s o i l  t y p e  from above .  V e g e ta t i o n
mid-way between 34 -  40 end 66 -  75 in
c o l o u r .  P o s s i b l e  i n f l u e n c e  o f  m i n e r a l i s a t i o n  
on t h e  v e g e t a t i o n ,
89 -  93 A bend o f  dark  to n e d  v e g e t a t i o n  -  t r i o d i a
and g r a s s e s ,
106 -  145 Dense v e g e t a t i o n ,  p ro b a b ly  t r i o d i a ,
o v e r l y i n g  s o i l  ty p e  e n co u n te red  in  42 -  64,
66 -  7 5 .
F ig u r e  7 .1 9  showed t h a t  t r e e s  d id  no t  appea r  t o  grow on t h e  v e ry  
l i g h t  toned  a r e a s  o f  t h e  t e r r a i n .  This could  have been due to  th e  
n e a r n e s s  o f  bed rock  t o  th e  s u r f a c e  g i v i n g  t h e  t r e e  r o o t s  l i t t l e  
o p p o r t u n i t y  to  t a k e  h o l d ,
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F i g u r e  7 . 2 0 ,  t h e  G.D. p l o t  r e s u l t i n g  from t h e  measurement space  
c l u s t e r i n g  r o u t i n e  , showed t h a t  a t  l e v e l  two o n ly  ve ry  da rk  a r e a s  
(shadows and d e n s e ,  d a rk  to n e d  v e g e t a t i o n ) , den o ted  by symbol 8 
were d i s t i n g u i s h e d  from a l l  o t h e r  o b s e r v a t i o n s .  At l e v e l  t h r e e  t h e  
l i g h t  a r e a s  o f  t e r r a i n  w i th  s p a r s e  v e g e t a t i o n ,  symbol 5» were r e ­
s o lv e d  . Symbol 3» seen  a t  l e v e l  fo u r  and above ,  appea red  t o  be 
a s s o c i a t e d ' w i t h  medium toned, v e g e t a t i o n .  At l e v e l  f i v e  t h e  c o r r e l ­
a t i o n  between e i t h e r  t h e  c o lo u r  f i l m  t r a n s p a r e n c y  or F i g u r e  7 .1 9  
became e x c e e d in g ly  d i f f i c u l t  and t h e  l e v e l  f o u r  c l a s s i f i c a t i o n ,  
summarised below, was t h e  h i g h e s t  c o n s i d e r e d  a p p r o p r i a t e .
Symbol (F ig u re  7 .2 0 )  C l a s s i f i c a t i o n
1 P a tc h y  v e g e t a t i o n  on a c l a y  loam s o i l
3 Medium to n e d  v e g e t a t i o n .
8 Shadows and dense  p a t c h e s  o f  t r i o d i a
b u s h e s ,
5 L ig h t  a r e a s  o f  t e r r a i n  w i th  l i t t l e
v e g e t a t i o n .
In  an a t t e m p t  t o  improve t h e  c l a s s i f i c a t i o n  t h e  s can  l i n e  was 
examined -  a l t h o u g h  t h e r e  would n o t  be too  h ig h  a c o r r e l a t i o n  w i th  
th e  c o l o u r  f i l m  t h e  r e s u l t s  were c o n s id e r e d  d i s a p p o i n t i n g .  Upon 
ex am in a t io n  i t  was n o t i c e d  t h a t  a s  t h e  r e s u l t  o f  i n t e n s i v e  f i e l d  
work a lo n g  th e  t r a n s e c t  l i n e ,  t h e  v e g e t a t i o n  had become a p p r e c i a b l y  
d i s t u r b e d .  C o n se q u e n t ly ,  a r e a s  of v e g e t a t i o n  such as a t  90 -  100
had been  c l e a r e d  t o  such an e x t e n t  as  to  a l t e r  th e  c o l o u r  f i l m  
i n t e r p r e t a t i o n .  In  p a r t i c u l a r  t h e  a r e a  from p o i n t s  67 t o  100, 
c o n s i s t i n g  p r i n c i p a l l y  o f  symbol 5» was now seen  t o  be more con­
s i s t a n t  w i th  F igu re  7 . 1 9 .
Image sp ac e  t e c h n i q u e s  were a p p l i e d  t o  t h e  d a t a ;  t h e  group d i s t r i b u t i o n  
p l o t .  F ig u r e  7 . 2 1 ,  d i f f e r e d  c o n s i d e r a b l y  from t h a t  d e r i v e d  from
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measurement space  c l u s t e r i n g  -  F ig u r e  7 .2 0 ;  N e v e r t h e l e s s  a l t h o u g h  
t h e r e  were d i f f e r e n c e s  -  e . g .  d a t a  p o i n t s  1 -  65 -  some s i m i l a r
d e l i n e a t i o n s  were s e e n ;  Symbol 7 ,  Fi,gure 7 .21  and Symbol 5»
F ig u r e  7 . 2 0 .  Thé r e s u l t s  from t h e  image s p ace  c l u s t e r i n g  s u p p o r t e d  
t h e  p rem ise  t h a t  such t e c h n i q u e s  were o f  more v a lu e  th a n  a measure ­
ment s p a c e ' a p p r o a c h .
7 .4 . 3 .1  The I d e n t i f i c a t i o n  of  M i n e r a l i s e d  T e r r a i n
In th e  p a r t i c u l a r  s e r i e s  o f  f i g u r e s  under  d i s c u s s i o n  (7 .1 8  -  7 .21)
t h r e e  c l a s s i f i c a t i o n s  have been compared; Colour  f i l m  i n t e r p r e t a t i o n ,  
Measurement Space C l u s t e r i n g  and Image Space C l u s t e r i n g ,  The 
p h i lo s o p h y  adop ted  has  been t o  f i n d  t h a t  method which g iv e s  a 
c l a s s i f i c a t i o n  most l i k e  t h e  t h e m a t i c  maps which would be p roduced  
as t h e  r e s u l t  o f  v e g e t a t i o n  and s o i l  mapping.  The b a s i c  assum pt ion  
has  been t h a t  t h e  s p e c t r a l  p r o p e r t i e s  o f  t h e  t e r r a i n ,  as c a p t u r e d  
by t h e  f i l m  e m u ls io n ,  were r e l a t e d  d i r e c t l y  t o  th e  q u a n t i t i e s  
r e q u i r e d  f o r  mapping th e  t e r r a i n  and t h a t  t h e  c l u s t e r i n g  p r o c e d u re s  
would e x t r a c t  t h e  a p p r o p r i a t e  f e a t u r e s  from t h e  d a t a .  However, i t  
i s  q u i t e  c o n c e iv a b l e  t h a t  th e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  an a r e a  
could  be changed due t o  e f f e c t s  n o t  r e a d i l y  obv ious  e i t h e r  from 
t h e  d i r e c t  v i s u a l  o b s e r v a t i o n s  o f  t h e  imagery  o r  from ground t r u t h  
work.  M i n e r a l i s a t i o n  t y p i f i e s  th e  d i f f i c u l t i e s  e n c o u n te re d  in  
a t t e m p t i n g  t o  c o r r e l a t e  s p e c t r a l  c h a r a c t e r i s t i c s  w i th  ground 
phenomena. At t h e  lower  l e v e l s  o f  c o n c e n t r a t i o n s  o f  p o t e n t i a l l y  
t o x i c  m i n e r a l s ,  t h e  e f f e c t s  a r e  s een  as  a l e s s  mature  v e g e t a t i o n  
th r o u g h o u t  t h e  growth  c y c l e  and p o s s i b l y  a d y ing  o f f  o f  t h e  weaker 
s p e c i e s  sh o u ld  th e  env ironm ent  become p a r t i c u l a r l y  h a r s h  -  e . g ,  
a p e r i o d  o f  p r o lo n g e d  d r o u g h t .  The s p e c t r a l  c h a r a c t e r i s t i c s  o f  
such  a scene  would d i f f e r  from t h e  no rm a l .  The g reen  v e g e t a t i o n  
would appea r  l e s s  v i v i d  and t h e  n e a r  i n f r a - r e d  r e f l e c t a n c e  would be 
l o w e r .  S o i l s  w i th  medium l e v e l s  o f  t o x i c i t y  l e a d  t o  a c o n s i d e r a b l e  
change i n  th e  e c o lo g y  o f  th e  immedia te  a r e a .  S p e c i e s  such  as s o f t  
g r a s s e s  no lo n g e r  a p p ea r  and even t h e  h a r d i e r  s p e c i e s  ap p ea r  l e s s  
f r e q u e n t l y .  The v ig o u r  o f  t r e e s  growing in  such s o i l s  i s  a l s o  reduced ,
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Toxic  l e v e l s  of  m i n e r a l i s a t i o n ,  as th e  name i m p l i e s ,  p r e v e n t  t h e  
growth o f  a lmost a l l  l o c a l  v e g e t a t i o n  and t r e e s .  However,  p a r t i c u l a r  
s p e c i e s ,  knov/n as  ’ i n d i c a t o r '  p l a n t s  t h r i v e  under such c o n d i t i o n s .
As a consequence ,  t h e  v e g e t a t i o n  changes co m p le te ly  when d i f f e r e n t  
l e v e l s  o f  n e a r  s u r f a c e  or  s u r f a c e  m i n e r a l i s a t i o n  a r e  e n c o u n t e r e d .  
S p e c t r a l  c h a r a c t e r i s t i c s  a l s o  change as n o t  only  t h e  r e l a t i v e  
amounts o f  r a d i a t i o n  r e f l e c t e d  from th e  s o i l  and v e g e t a t i o n  c an o p ie s  
v a r y ,  b u t  a l s o  as t h e  v e g e t a t i o n  ty p e s  a l t e r .  The e f f e c t s  of  
m i n e r a l i s a t i o n  a r e  t h e r e f o r e  no t  f i r s t  o r d e r  e f f e c t s .  They a r e  
d e t e c t e d  as s p e c t r a l  changes induced  by e f f e c t s  which a r e  th em se lves  
th e  r e s u l t  o f  m i n e r a l i s a t i o n .  I t  i s  t h e r e f o r e  unwise t o  a s s i g n  
p a r t i c u l a r  e f f e c t s  as b e in g  due t o  m i n e r a l i s a t i o n  u n l e s s  a l l  o t h e r  
v a r i a n t s  w i th in  t h e  s c e n e  have been t a k en  i n t o  c o n s i d e r a t i o n .  
M i n e r a l i s a t i o n ,  as w i th  many o t h e r  ' s e c o n d * o r d e r ' phenomena w i l l  
p r o b a b ly  be d e t e c t e d  by th e  e a r t h  s c i e n t i s t  when th e y  examine th e  
t h e m a t i c  maps p roduced  from t h e  imagery and f i n d  anomalous f e a t u r e s  
such as  un ex p ec ted  changes  o f  t h e  v e g e t a t i o n  and s o i l  t y p e s .
The a r e a  a f f e c t e d  by m i n e r a l i s a t i o n  i s  l o c a t e d  on bo th  s i d e s  o f  th e  
q u a r t z  r e e f ,  d a t a  p o i n t  120, The m in e r a l s  have been l e e c h e d  
ou t  o f  t h e  r o c k s  and t r a n s p o r t e d  e l s e w h e r e ;  t y p i c a l l y  t o  t o p o ­
g r a p h i c a l l y  lower r e g i o n s  such  as e x i s t  on e i t h e r  s i d e  of  t h e  r e e f .  
O p t i m i s t i c a l l y  t h e r e f o r e ,  some c o r r e l a t i o n  could  e x i s t  be tween t h e  
t e r r a i n  c l a s s i f i e d  as  Symbol 7 (7 .2 1 )  and m i n e r a l i s e d  r e g i o n s .  
However,  from t h e  p o i n t  o f  v e g e t a t i o n  mapping, a r e a s  such as  28 -  66
would need to  be more s p e c i f i c a l l y  c l a s s i f i e d .
The a n a l y s i s  o f  t h i s  p a r t i c u l a r  a r e a  was c o n s id e r e d  s u f f i c i e n t l y  
i n t e r e s t i n g  t o  w a r r a n t  f u r t h e r  s tu d y  a l th o u g h  t h e  r e s u l t s  may prove  
t o  be o f  r e l e v a n c e  s o l e l y  to  s u r f a c e  m i n e r a l i s a t i o n  r a t h e r  t h a n  
g e n e r a l  v e g e t a t i o n  and s o i l  mapping,
7 . 4 * 4  The R e s u l t s  o f  t h e  A n a ly s i s  R e l a t i n g  to  F i g u r e s  7 .2 2  -
7 .2 5 :  An Area A f f e c t e d  by M i n e r a l i s a t i o n
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FIGURES 7 .22  to  7 .25  -  PAGE I 85
F ig u r e  7 .22  : Three  o f  t h e  e i g h t  d e n s i t y  s ca n s  made a lo n g  t h e  
t r a n s e c t  l i n e  shown in  f i g u r e  7 . 2 5 .
F i g u r e  7 .23  : rhe  a r e a  examined,  shown a t  t h e  same s c a l e  as th e  
, accompanying f i g u r e s .  The t r a n s e c t  l i n e  i s  d e l i n e a t e d
w i th  a r r o w s .
F ig u r e  7 .2 4  ; The Group D i s t i b u t i o n  p l o t  d e r i v e d  from th e  measurement 
space  c l u s t e r i n g .







M i n e r a l i s a t i o n ,  in  th e  form of co p p e r ,  o c c u r s  w i t h i n  t h e  a r e a  shown 
in  F ig u r e  7 . 2 5 .  The r e g i o n  a f f e c t e d  i s  be tween d a t a  p o i n t s  seven 
and e i g h t e e n ,  th e  t e r r a i n  a p p e a r i n g  as a un i fo rm  grey  t o n e ,  devo id  
o f  t r e e s .  T h e . s o i l ,  which i s  r e d  and sandy in  a p p e a r a n c e ,  o v e r l i e s  
c a l c - s i l i c a t e  r o c k s  and e x i s t s  from d a t a  p o i n t  one as f a r  as d a t a  
p o i n t  65 where a d i s t i n c t  change i s  s e e n .  The l i g h t e r  to n e d  r e g i o n s  
c o r r e sp o n d  to  th e  sandy c l a y  loams which co v e r  th e  r e s t  o f  t h e  scan 
l i n e .
'Measurement space  c l u s t e r i n g .  F ig u r e  7 . 2 4 ,  does  no t  c l a s s i f y  t h e  
t e r r a i n  to  any p a r t i c u l a r  d e g re e  a t  l e v e l  two.  Although symbol 1 
c o r re sp o n d e d  t o  d a r k e r  a r e a s  t h a n  t h o s e  c l a s s i f i e d  as 2,  u n l i k e  
p r e v i o u s  examples ,  v e g e t a t i o n  and b a re  ground were no t  d i s t i n g u i s h e d  
s e p a r a t e l y .  Level t h r e e  showed t h e  d a r k e r  v e g e t a t i o n ,  symbol 5» 
t o  be s e p a r a t e d  from th e  d a r k e r  to n e d  ground ,  symbol 1 .  The 
g r e a t e s t  l e v e l  a t  which t h e  c o r r e l a t i o n  was e v i d e n t  was f o u r .  At 
l e v e l  f o u r  th e  v e ry  l i g h t  to n e d  loams were c l a s s i f i e d  as symbol " # *' 
and  o t h e r  medium to n e d  r e g io n s  wi th  o r  w i th o u t  some s l i g h t  v e g e t a t i o n  
as symbol 2 .
Summarising t h e  l e v e l  f o u r  c l a s s i f i c a t i o n ;
Symbol F e a t u r e
. L i g h t  t o n e d  a r e a s  c o r r e s p o n d i n g  t o  loams.
2 Medium to n e d  r e g i o n s  of  b a r e  ground o r  w i th  some
v e g e t a t i o n  c o v e r .
5 Areas w i th  r e l a t i v e l y  heavy v e g e t a t i o n  c o v e r ,
p ro b a b ly  Enneapogon P o l y p h y l l u s .
1 Areas  w i th  some v e g e t a t i o n  c o v e r .  Very s i m i l a r
to n e  on F ig u r e  7 .2 5  as symbol 2 r e g i o n s .
The c l a s s i f i c a t i o n  a p p ea re d  t o  c o r r e sp o n d  r e a s o n a b l y  w e l l  w i th  
F i g u r e  7 .2 5  e x cep t  in  two a r e a s .  These ,  t h e  sequences  from 56 -  64
and 94  -  101 were c l a s s i f i e d  as symbols 1 and 5 r e s p e c t i v e l y .  From
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t h e  t o n e s  on F ig u re  7 .25* p o i n t s  56 -  64 would be assumed t o  be
more s i m i l a r  to  94 -  101 th an  10 -  17• However,  ex am in a t io n
o f  t h e  t r u e  c o lo u r  f i l m  showed t h a t  t h e r e  were d i f f e r e n c e s  between 
th e  two a r e a s  such  t h a t  th e  c l a s s i f i c a t i o n  was j u s t i f i a b l e .  The 
r e g i o n  a s s o c i a t e d  w i th  m i n e r a l i s a t i o n ,  p o i n t s  seven  to  e i g h t e e n ,  was 
c l a s s i f i e d  as 75/7 symbol ] ,  and 25)o symbol 2,  b u t  i f  symbol 1 
were t o  have been a s s o c i a t e d  w i th  a m i n e r a l i s e d  a r e a ,  o t h e r  such 
a r e a s  would e x i s t  a t  22 -  5 I and 56 -  64; such  a c o n d i t i o n  was
no t  im p l ie d  in  t h e  ground t r u t h  d a t a .
The d e g re e  o f  c o r r e l a t i o n  between t h e  r e s u l t s  o f  t h e  image space  
c l u s t e r i n g .  F ig u r e  7.25* and th e  p h o to g ra p h .  F ig u r e  7 .25  was v e ry  
h igh  a l t h o u g h ,  as  w i th  th e  measurement space  r e s u l t s ,  a t  l e v e l  two, 
t h e  d i s c r i m i n a t i o n  was be t  ween v e r y  l i g h t  ton ed  r e g i o n s  and a l l  e l s e .  
Th is  was most p r o b a b l y  due to  t h e  d i f f e r e n c e s  between th e  l a t t e r  
r e g i o n s  b e in g  g r e a t e r  in  t h e  o t h e r  wavebands t h a n  t h e  d i f f e r e n c e  
m a n i f e s t e d  in  F ig u r e  7 . 2 5 .
Leve ls  of p a r t i c u l a r  i n t e r e s t  were f i v e  and s i x  as t h q y i n d i c a t e d  th e  








F e a t u r e
Uniform medium to n e d  r e g i o n  wi th  l i t t l e  v e g e t a t i o n .
S o i l  s i m i l a r  t o  symbol 1 a r e a ,  b u t  w i th  v e g e t a t i o n  
c o v e r .
Very l i g h t  to n e d  .areas  o f  t e r r a i n ,  v i r t u a l l y  devoid  
o f  v e g e t a t i o n .
Area o f  heavy v e g e t a t i o n  c o v e r ,  p o s s i b l y  Enneapogon 
P o l y p h y l l u s ,
Very s i m i l a r  t o  symbol 5 a r e a s .  No a p p a r e n t  r e a s o n  
f o r  d i f f e r e n t i a t i o n  u n t i l  t h e  t r u e  c o lo u r  f i l m  
r e v e a l e d  symbol 7 a r e a s  t o  be f r e e  from v e g e t a t i o n .
-  185 -
Level 6
As f o r  l e v e l  3 e x c e p t ;
Symbol F e a tu r e
1 Bare g round ,  sandy in  c o l o u r .
2 Some ground as symbol 1,  b u t  w i th  l i g h t  g reen
v e g e t a t i o n ,  p ro b a b ly  g r a s s e s .
'A more d e t a i l e d  c l a s s i f i c a t i o n  was shown to  be a p p r o p r i a t e  when 
th e  g . d .  p l o t  was s t u d i e d  in  c o n j u n c t i o n  w i th  t h e  c o lo u r  f i l m .  The 
c o lo u r  f i l m  r e v e a l e d  th e  d i f f e r e n c e s  between t h e  v e g e t a t i o n  cover  
a lo n g  t h e  scan l i n e .  H ea l th y  v e g e t a t i o n ,  p o s s i b l y  th e  r e s u l t  o f  
h igh  m o i s tu r e  l e v e l s ,  was seen  t o  have been c l a s s i f i e d  as symbol 4 
from amongst t h e  o b s e r v a t i o n s  l a b e l l e d  as  symbol 3 a t  l e v e l s  f i v e  
and s i x .
7* 4 .5  C l a s s i f i c a t i o n  o f  Large S c a l e  Imagery; F ig u r e s  7 ,2 6  -  7 .29
Comparison of  t h e  t r a c k ,  seen  a t  d a t a  p o i n t  40 on F ig u re  7 .2 7  w i th  
t h a t  shown on F ig u re  7 .1 9  i n d i c a t e s  th e  d e g re e  o f  m a g n i f i c a t i o n  a t  
which t h e  a r e a  was s c a n n e d .  Clumps o f  t r i o d i a  bushes  a r e  shown in  
th e  f i r s t  20 d a t a  p o i n t s  o f  t h e  s c a n ,  and from p o i n t s  70 t o  135 t h e  
da rk  p a t c h e s  o f  g r a s s  a r e  c l e a r l y  v i s i b l e .  C l a s s i f i c a t i o n  was 
a t t e m p te d  a t  t h i s  m a g n i f i c a t i o n  i n  o rd e r  to  examine th e  e f f e c t s  o f  
s c a l e  changes .
Level s i x  o f  t h e  measurement s p ac e  c l u s t e r i n g  o u t p u t .  F ig u re  7 .2 8 ,  
p r o v i d e d  t h e  maximum amount o f  i n f o r m a t io n  which could  be r e l a t e d  
to  t h e  imagery .  F ig u r e  7 . 2 7 .  The r e s u l t s  a r e  t a b u l a t e d  b e lo w ; -
Level 6
Symbol F e a t u r e
1 Bare ground
2 Ground w i th  t r i o d i a  bushes
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FIGURES 7 .26  to  7 .29  -  PAGE 188 ,
Figure 7.26 ; Three density scans made along the transect line 
shown in figure 7.27.
Figure 7.27 : The area studied with the transect line delineated 
with arrows.
Figure 7.28 : The Group Distribution plot relating to the measurement 
space clustering.
Figure 7*29 : The image space clustering Group Distribution plot.
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Level 6 ( C e n t . )
Symbol F e a t u r e
6 Shadov/s
5 Arear of  mixed v e g e t a t i o n ,  t r i o d i a  and d a r t  to n e d
 ^ g r a s s e s .
A ' P red o m in an t ly  g r a s s e s
/  ’N o i s e '
The r e s u l t s  were c o n s id e r e d  to  be adequa te  f o r  v e g e t a t i o n  mapping, 
t h e  r e a s o n  f o r  th e  improved c o r r e l a t i o n  w i th  th e  imagery b e in g  
a t t r i b u t e d  to  th e  s m a l l e r  s c a l e .
F ig u r e  7 .2 9 ,  t h e  g . d .  p l o t  from t h e  image s p ace  c l u s t e r i n g  showed 
good agreement  w i t h . F i g u r e  7 .2 8  up to  l e v e l  t h r e e .  Howeve^, a t  
g r e a t e r  1 a t h e  d i f f e r e n c e s  became a p ' r e c i a b l e  and a t  l e v e l  s i x  
t h e  ru n s  l i s t e d  below were c l a s s i f i e d  as s e p a r a t e  e n t i t i e s .  A 
t e n t a t i v e  i d e n t i f i c a t i o n  of t h e  c l a s s e s  i s  a l s o  g iv e n .
Level 6
Data  P o i n t s  F e a tu r e
4-2 -  73 Medium to n ed  ground w i th  t r i o d i a  cover
74 -  90 Grass
94  -  120 As f o r  symbol 5 above
This  c l a s s i f i c a t i o n  i s  f u r t h e r  su p p o r te d  as  p o i n t s  121 -  132 were
c l a s s i f i e d  as members of  th e  same group as p o i n t s  74 -  90; a
c l a s s i f i c a t i o n  shown to  be a c c e p t a b l e  on F ig u r e  7 . 2 7 .
In t h i s  p a r t i c u l a r  r e g i o n  of  t h e  t e r r a i n ,  and a t  th e  s c a l e  chosen 
f o r  s ca n n in g  th e  b e n e f i t s  o r  o th e r w i s e  o f  image space  c l u s t e r i n g
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were n o t  so o b v io u s ly  c l e a r  in  t e rm s  o f  c l a s s i f i c a t i o n  improvements .  
However t h e r e  was s t i l l  t h e  a d v an ta g e  o f  r e d u ced  c a re  s t o r a g e  and 
com pu ta t ion  t ime to  be c o n s i d e r e d ,
7 .5  C onc lus ions  as t o  t h e  U s e f u l n e s s  of C l u s t e r  A n a ly s i s  as 
Applied  to  t h e  Areas I n v e s t i g a t e d .
The purpose  o f  t h e  a n a l y s i s  d e s c r i b e d  above was to  c l a s s i f y  the  
t e r r a i n .  However, a l t h o u g h  t h e  computer programmes f u n c t i o n e d  
c o r r e c t l y ,  i t  d id  n o t  fo l l o w  t h a t  t h e  r e s u l t s  were wholly  s a t i s ­
f a c t o r y ,  This  was because  t h e  c r i t e r i o n  f o r  a s s e s s i n g  perform ance  
d i f f e r e d  from t h a t  a p p l i e d  in  m easu r ing  t h e  f a i l u r e  or  s u c c e s s  of 
th e  m a th em at i ca l  m a n i p u l a t i o n s .  C o n se q u e n t ly ,  as t h e  o b j e c t  o f  the  
s tu d y  was v e g e t a t i o n  and s o i l  mapping, t h e  c l a s s i f i c a t i o n  accu racy  
had t o  be c o n s i d e r e d  in t h o s e  t e r m s .
Measurement space  c l u s t e r i n g  t e c h n i q u e s  were found to  p r o v id e  
c l a s s i f i c a t i o n s  which c o u ld ,  t . p i c a l l y ,  i d e n t i f y  fo u r  t e r r a i n  types  
such  as  d i f f e r e n t  s o i l s  a n d /o r  d i f f e r e n t  v e g e t a t i o n .  W h i l s t  t h i s  
was c o n s i d e r e d  r e a s o n a b l y  s a t i s f a c t o r y  i t  was found t h a t  w i t h i n  an 
a r e a  which could  n o rm a l ly  be c o n s i d e r e d  to  be uniform h-r r-.a,o_;in'- 
c r i t e r i a ,  t h e  c l u s t e r i n g  o f t e n  gave mixed c l a s s i f i c a t i o n s .  Although 
t h e s e  c l a s s i f i c a t i o n s  were m a t h e m a t i c a l l y  c o r r e c t  ( i . e .  a l l  i d e n t i c a l  
o r  n e a r l y  i d e n t i c a l  o b s e r v a t i o n s  had i d e n t i c a l  sy m bo ls ) ,  b e f o r e  th e  
o u t p u t  could  be used  f o r  mapping, a r e a s  of  homogeneous c l a s s i f i c a t i o n  
would be r e q u i r e d .
One method o f  r e d u c i n g  th e  mixed c l a s s i f i c a t i o n s  i s  t o  snioo h. the  
d e n s i t y  s c a n s ,  t y p i c a l l y  by a v e r a g i n g  t h e  scan  over s e v e r a l  c o n s e c u t i v e  
d a t a  p o i n t s .  R e s u l t s  from such  an approach  shov.ed i t  t o  be e f f e c t i v e  
in  r e d u c i n "  t h e  mixed c l a s s i f i c a t i o n s ,  bu t  u n f o r t u n a t e l y  o th e r w i s e  
d i s t i n c t  b o u n d a r i e s  between d i f f e r e n t  c l a s s e s  were a l s o  smoothed 
o v e r ,  A s i m i l a r  r e s u l t  was seen  when t h e  r e l a t i v e  g e o g r a p h i c a l  
p o s i t i o n s  o f  t h e  d a t a  p o i n t s  were used as a measurement space  v e c t o r .
I'tO -
Image space c l u s t e r i n g  r o u t i n e s  were a l s o  used  in  an a t t e m p t  t o  
overcome mixed c l a s s i f i c a t i o n s  and ,  a l t h o u g h  i t  was c e r t a i n  t h a t  
ru n s  o f  homogeneous c l a s s i f i c a t i o n s  would n e c e s s a r i l y  be d e r i v e d ,  
t h e  deg ree  o f  s u c c e s s f u l  c o r r e l a t i o n  o f  t h e  r e s u l t s  w i th  t h e  
o b s e r v a t i o n s  of  t h e  a r e a s  made on t h e  a e r i a l  p ho tog raphs  was 
e n c o u r a g i n g l y  h i g h .
The f l e x i b i l i t y  o f  th e  computer f a c i l i t i e s  and o f  th e  d a t a  s to""  ge 
made i t  p o s s i b l e  t o  a p p ly  s i n g l e  r a t i o  and summed r a t i o  -t ransforms 
t o  t h e  d a t a  b e f o r e  c l u s t e r i n g .  A na lys i s  o f  t h e  o u tp u t  showed t h e r e  
t o  be i n c o n c l u s i v e  d i f f e r e n c e s  between t h e  measurement space  r e s u l t s  
and n é g l i g e a b l e  changes  wi th  image space  r o u t i n e s .
W ith in  t h e  c o n t e x t  o f  t h e  s t u d y ,  image space  c l u s t e r i n g  r o u t i n e s  
were found to  p r o v i d e  a l e v e l  o f  c l a s s i f i c a t i o n  which would enao le  
a s a t i s f a c t o r y  d e g re e  of  v e g e t a t i o n  and s o i l  mapping to  be c a r r i e d  
o u t .
Although i t  has been shown t h e o r e t i c a l l y  t h a t  changes in t h e  c r ^ o r  
te rm  sh o u ld  p r o v id e  c l u e s  as  t o  t h e  number o f  ' n a t u r a l '  c l u s t e r s  
w i t h i n  t h e  measurement s p a c e ,  in  p r a c t i c e  t h i s  was n o t  founr  t o  be 
t h e  c a s e .  The number o f  r e l e v a n t  c l u s t e r s  was always chosen by 
compar ison  o f  t h e  g . d .  p l o t s  w i th  t h e  a e r i a l  p h o to g r a p h s .
7*6 D i s c u s s i o n  o f  t h e  I m p l i c a t i o n s  o f  Using  Image Space 
C l u s t e r i n g  Techniques
Image space  c l u s t e r i n g  r o u t i n e s  gave r e s u l t s  more ak in  th o s e  
d e s i r e d  by mappers b ecau se  o f  t h e  s p a t i a l  c o n s t r a i n t  p l a c e d  upon 
t h e  c l u s t e r i n g  p rocedure#  W ith in  a given r e g i o n  o f  t e r r a i n  th e ^ e  
may b e ,  f o r  exemple,  t h r e e  p h v s i c a l l y  c o n t ig u o u s  a r e a s  of d i ^ " e ^ a n t  
t e r r a i n  t y p e .  Exper ience  o f  w ork ing  with  such  a s t a t e  has  shown t h e  
t h r e e  d e n s i t y  d i s t r i b u t i o n s  a s s o c i a t e d  w i th  t h e  a r e a s  t o  havo con­
s i d e r a b l e  ove r lap ."  C onsequen t ly  i t  i s  h ig h ly  p r o b a b le  t h a t  members 
from each a r e a  can be found which have v e ry  s i m i l a r  p o s i t i o n s  in  
measurement sn a c e .  Measurement s n ac e  c l u s b e r i n r '  on cour a me th ^  mer'^mn
t o g e t h e r  o f  such members and, as  t h e  c l u s t e r i n g  r o u t i n e s  encourage  
th e  fo r m a t io n  o f  t i g h t  c l u s t e r s ,  t h e s e  i n i t i a l  members'  p o s i t i o n s  
i n  measurement space  w i l l  form t h e  c o r e s  o f  the  f i n a l  c l u s t e r s .  
However, t h e  ' c l u s t e r i n g '  which mapping r e q u i r e s  i s  t h e  d e l i n e a t i o n  
o f  a r e a s  r a t h e r  th a n  p o i n t - t o - p o i n t  a s s o c i a t i o n s .  C onsequen t ly  
t h e  r e s t r a i n t  o f  a l l o w in g  on ly  a d j a c e n t  p o i n t s  o r  groups  o f  p o i n t s  
has two obvious  e f f e c t s .  F i r s t l y  a r e a s  w i l l  be g r a d u a l l y  assembled  
as p o i n t s  a r e  i n e v i t a b l y  a s s o c i a t e d  w i th  t h e i r  n e ig h b o u rs  and, 
s e c o n d l y ,  t h e  f i r s t  fev/ p o i n t s  t o  be a s s o c i a t e d  w i th  one a n o t h e r  
' w i l l ,  a l t h o u g h  n o t  b e in g  as s i m i l a r  to  t h o s e  a s s o c i a t e d  by measure­
ment space  t e c h n i q u e s ,  w i l l  c e r t a i n l y  be more r e p r e s e n t a t i v e  o f  
t h e  r e g i o n  o f  t h e  t e r r a i n  from which th e y  emanate and th e n c e  be 
more r e p r e s e n t a t i v e  o f  t h e  d e s i r e d  c l u s t e r  c e n t r e .
For t h e  r e a s o n s  d i s c u s s e d  e a r l i e r ,  6 . 1 1 ,  image sp ace  c l u s t e r i n g  
must be c ea s ed  b e f o r e  t h e  ' r e l e v a n t '  c l u s t e r s  a r e  f o r c e d  t o  a s s o c i a t e  
t h e  u n l i k e  n e i g h b o u r s .  Th is  n e c e s s i t a t e s  a d e c i s i o n  as  t o  t h e  
r e l e v a n t  nuiubcr o f  groups w i th in  on a r e a  o f  t e r r a i n  arid p,-"iori 
knowledge i s  t h e r e f o r e  n e c e s s a r y .  T h i s  s l i g h t l y  c o n t r a d i c t s  t h e  
e a r l i e r  d i s c u s s i o n s  when t h e  ad v an ta g e s  pu t  forward  f o r  a p p ly in g  
u n s u p o r v i s e d  c l u s t e r  a n a l y s i s  t e c h n i q u e s  were t h a t  a p r i o r i  knowledge 
was,  by d e f i n i t i o n ,  n o t  r e q u i r e d .  However,  th e  a p r i o r i  knowledge 
r e q u i r e d  i s  r e l a t i v e l y  sm al l  and i s  o f  a s p a t i a l  n a t u r e .  T y p i c a l l y ,  
a t  t h e  s i m p l e s t  l e v e l ,  t h e  i n p u t  r e q u i r e d  could  be t h e  s i z e  and 
l o c a t i o n  o f  an a r e a  which i s  c o n s i d e r e d  t o  be u n i fo rm  -  e . g .  a f i e l d .  
The changeover  from image to  measurement space  r o u t i n e s  cou ld  then  
be i n i t i a t e d  a u t o m a t i c a l l y .  F u r t h e r  i n p u t s  could  be c o n s i d e r e d ,  
each in p u t  r e p r e s e n t i n g  a p a r t i c u l a r  t e r r a i n  f e a t u r e .  F o a l i n e s  wcul^ 
th e n  o p t i m i s e  t h e  changeover  so as  to  d e l i n e a t e  t h e  f e a t u r e s  as  
s e p a r a t e  e n t i t i e s  u s in g  image s p ac e  c l u s t e r i n g  and th e n  to  a s s o c i a t e  
th e  s i m i l a r  f e a t u r e s  u s in g  measurement space  r o u t i n e s ,
7 . 7  The s t r u c t u r e  o f  M u l t i - S p e c t r a l ' D a t a
The t h e o r e t i c a l  b a s i s  on which t h e  c l u s t e r  a n a l y s i s  r o u t i n e s  were 
based  have been d i s c u s s e d  in C hap te r  6 .  Of p a r t i c u l a r  im por tance  
was t h e  a r ru m p t io n  o f  o r t h o g o n a l i t y  between measurement v e c t o r s .
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Two a s p e c t s  o f  i n t e r e s t  a r i s e  i f  a l l  o r  some of t h e  v e c t o r s  a r e  
no t  o r t h o g o n a l .  F i r s t l y  th e  m a th e m a t i ca l  j u s t i f i c a t i o n s  
f o r  a p p ly in g  th e  c l u s t e r i n g  a l g o r i t h m s  may no t  be t o t a l l y  v a l i d  
and, s e c o n d ly ,  t h e  number o f  v e c t o r s  used f o r  t h e  a n a l y s i s  can be 
reduced  m a t h e m a t i c a l l y  by c o n s t r u c t i n g  a new s e t  o f  v e c t o r s  which 
a r e  o r th o g o n a l  and c o n t a i n  a l l  t h e  i n f o r m a t i o n  p r e s e n t  w i t h i n  th e  
o r i g i n a l  d a t a ,
jCross c o r r e l a t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  s i x  s e t s  o f  
s c a n s ;  each s e t  c o n s i s t i n g  o f  a p p ro x im a te ly  140 o b s e r v a t i o n s .
The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  p r e s e n t e d  in Tab le  7 .5  and have 
been m u l t i p l i e d  by 100 f o r  c o n v e n ie n c e .  The d i s t r i b u t i o n  o f  most 
and l e a s t  s i g n i f i c a n t  waveband c o r r e l a t i o n s  a p p ea rs  f a i r l y  randomly 
over th e  m a t r i x  bu t  i t  was s ee n  t h a t  t h e r e  was a v e ry  h igh  d e g re e  
o f  c o r r e l a t i o n  in  a lm os t  a l l  c a s e s .  The l e a s t  s i g n i f i c a n t  c o r r e l a t i o n  
was found t o  be True  Colour (Red) and Panch rom at ic  (Green f i l t e r )  
\ ; h i l s t  th e  h i g h e s t  c o r r e l a t i o n  e x i s t e d  between Tru^ Colour  (C^^en) 
and True Colour ( B l u e ) • C o n seq u en t ly  compar isons  between t h e  
s'uic a r e a s  of  t e r r a i n  as r e c o r d e d  on th e  True Colour  (Red S e n s i t i v e )  
l a y e r  and t h e  P anch rom at ic  (Green f i l t e r )  f i l m  would r e v e a l  t h e  
g r e a t e s t  d i f f e r e n c e s .
The d i f f e r e n t  c o r r e l a t i o n s  between wavebands a r i s e  when d i f f e r e n t  
t e r r a i n  t y p e s  a r e  e n c o u n t e r e d .  A un i fo rm  a r e a  of  t e r r a i n  occupying  
t h e  e n t i r e  l e n g t h  o f  t h e  scan r e s u l t s  in  a b s o l u t e  c o r r e l a t i o n  w h i l s t  
th e  p r e s e n c e  o f  d i f f e r e n t  t e r r a i n  ty p e s  w i th  d i f f e r e n t  s p e c t r a l  
s i g n a t u r e s  r e d u c e s  t h e  d eg ree  of  c o r r e l a t i o n .  For t h i s  r e a s o n ,  
ctnd b ecause  o f  t h e  many t y p e s  of t e r r a i n  e n c o u n te re d ,  t h e  c o e f f i c i e n t s  
shown in  Table  7 .5  v a ry  from s ca n  t o  scan  and no g e n e r a l  i s  at. ions  
could be r e l i a b l y  made e x ce p t  t h a t  a h ig h  d e g re e  o f  c o r r e l a t i o n  
(and t h e r e f o r e  r e d u n d a n t  i n f o r m a t i o n )  e x i s t e d  between most wave­
b a n d s .  R educ t ions  in  t h e  amount o f  d a t a  d e r i v e d  from m u l t i s p e c t r a l  
sys tem s  a re  o f  im por tance  not o n ly  a t  t h e  a n a l y s i s / d a t a  p r o c e s s i n g  
s t a g e  bu t  a l s o  d u r i n g  d a t a  t r a n s m i s s i o n  and f o r  d a t a  s t o r a g e .  Data  
r e d u c t i o n s  can be a ch ie v e d  u s in g  s e v e r a l  t e c h n i q u e s ,  one b e i n g  a 
p r i n c i p a l  components t r a n s f o r m .
The a p p l i c a t i o n  o f  p r i n c i p a l  components a n a l y s i s  t o  a s e t  o f  
o b s e r v a t i o n s  e n a b le s  a s e t  o f  o r th o g o n a l  v e c t o r s  t o  be c o n s t r u c t e d  
from t h e  o r i g i n a l  s e t .  Assuming t h a t  none o f  t h e  o r i g i n a l  v e c t o r s  
was a l i n e a r  co m b in a t io n  of  any or a l l  o f  th e  o t h e r  v e c t o r s  th e n  
t h e  number of o r th o g o n a l  v e c t o r s  e q u a l s  th e  number o f  o r i g i n a l  
v e c t o r s .  However, as  t h e  d i re c t io r^ s  o f  t h e  new v e c t o r s  in  measure ­
ment space  have been o p t im i s e d  a lo n g  t h e  axes  o f  maximum v a r i a n c e  
i t  has  been found t h a t  a c o n s i d e r a b l e  p r o p o r t i o n  o f  t h e  t o t a l  v a r i a n c e  
( i n f o r m a t i o n  c o n t e n t )  w i l l  be c o n t a i n e d  in  t h e  f i r s t  few v e c t o r s .
T ab le  7 ,6  shows t h e  s a l i e n t  f e a t u r e s  o f  t h e  r e s u l t s  from t h e  
p r i n c i p a l  components a n a l y s i s  to  t h e  s i x  d a t a  s e t s .  In  a l l  ca se s  
t h e  f i r s t  component c o n ta i n e d  a t  l e a s t  60?5 o f  t h e  t o t a l  v a r i a n c e  
and was formed from th e  o r i g i n a l  v e c t o r s  in  a ve ry  s i m i l a r  manner .
The f i r s t  two components a cc o u n te d  f o r  80^ o f  th e  t o t a l  v a r i a n c e ,  
however th e  second  component d i f f e r e d  i 2: form from s e t  t o  s e t .
S i m i l a r  r e s u l t s  have been found when l a r g e  d a t a  s e t s  a r e  examined 
( 2  ) a l th o u g h  i t  i s  c o n s i d e r e d  t h a t  the  i n f o r m a t i o n  l o s s  a s s o c i a t e d  
w i th  a g e n e r a l  t r a n s f o r m a t i o n ,  r a t h e r  th a n  one a p p r o p r i a t e  t o  th e  
s p e c i f i c  a r e a ,  would be a r e l a t i v e l y  sm a l l  p e r c e n t a g e .
The d a t a  s e t s  to  which t h e  c o r r e l a t i o n  and p r i n c i p a l  components 
a n a l y s i s  r o u t i n e s  were a p p l i e d  were t h o s e  d i s c u s s e d  in  F i g u r e s  7 .10  -  
7 .2 0  t o g e t h e r  w i th  a s e t  c o n t a i n i n g  t h e  c a l i b r a t i o n  b o a r d s .  Con­
s e q u e n t l y  th e  r e s u l t s  were t y p i c a l  o f  d i f f e r e n t  t y p e s  o f  t e r r a i n ,  
p h o to g r a p h ic  s c a l e s  and t a r g e t s .  The h igh  degree  o f  c o r r e l a t i o n  
between em uls ion  l a y e r s  s u g g e s t s  t h a t  t h e  waveband s e n s i t i v i t i e s  
of t h e  l a y e r s  were no t  o p t i m i s e d  w i th  r e s p e c t  t o  the  t e r r a i n  w . i l s t  
th e  p r i n c i p a l  components a n a l y s i s  r e s u l t s  im p l ie d  t h a t  c o n s i d e r a b l e  
r e d u c t i o n s  in  d a t a  f lo w  cou ld  be a ch ie v e d  w i th o u t  l o s s  o f  i n f o r m a t i o n .
7 . 8  The P r o c e s s i n g  of Large  Volumes o f  D a ta :  P r o j e c t e d  R a t i o n a l e
In  F e b ru a ry  1973 th e  Joyce  Loebl m o d i f i c a t i o n s  to  t h e  m i c r o d e n s i t o m e t e r  
were com p le ted .  However, m a l f u n c t i o n i n g  o f  th e  i n s t r u m e n t  -  which
-  If / '  -
TABLE 7.5 SHOWING THE SIX SETS OF CROSS-CORRELATION COEFFICIENTS 








FCR 77 81 78 78
33 83 77 75
64 77 56 81
TCG 71 59 65 50 53 36
4 l 77 86 74 62 65
42 83 44 87 22 86
TCB 62 55 58 39 43 27 82 91
42 76 77 76 56 6o 87 97
78 83 68 80 50 74 22 90
TCR 50 24 36 10 33 9 4 l 44 4 l 43
4 l 81 77 78 66 73 85 97 83 93
89 89 75 89 62 78 30 85 86 82
PG 73 64 83 6 l 81 49 51 66 43 65 30 21
4o 89 74 86 66 64 80 67 83 70 84 68
90 76 90 82 64 80 36 86 77 80 85 74
PY 88 84 88 79 79 71 68 72 57 65 46 29 88 72
4 l 88 54 76 45 69 57 57 55 58 65 6o 54 85
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-  106  -
p e r s i s t e d  u n t i l  December 1973 -  p r e v e n t e d  a c c u r a t e  a u to m a t i c  
s c a n n in g  o f  im ages .  C o n seq u en t ly  th e  computer g e n e r a t e d  r e p l a y s ,  
F i g u r e s  7 .3 1 ,  7 .32  and 7 .33  o f  t h e  a r e a  shown i n  F igu re  7 .3 0  were 
such t h a t  r e g i s t r a t i o n  was no t  p r a c t i c a b l e  and t h e  i n v e s t i g a t i o n s  
o f  th e  p roposed  c l u s t e r i n g  r o u t i n e s ,  6 .1 1 ,  cou ld  no t  be c a r r i e d  
o u t .  However t h e  r e p l a y s  do s e r v e  to  i l l u s t r a t e  some o f  t h e  problems 
d i s c u s s e d  r o r l i e r  and a l so  show th e  o u tp u t  medium (compute r m ic ro f i lm  
p l o t t e r )  t h a t  r e s u l t s  would have been p r e s e n t e d  upon.
The r e p l a y s  -  which were such  as t o  o p t im i s e  t h e  a v a i l a b l e  d e n s i t y  
r a n g e  u s i n g  an e q u i - d c n s i t y  q u a n t i z a t i o n  r o u t i n e  -  show t h e  d i f f e r e n c e s  
between l a y e r s  and t h e  l o s s  oi s p a t i a l  i n f o ’^ mation en co u n te re d  i'hen 
th e  image was sampled wi th  a 100 x 100 m a t r i x .  Small  s c a l e  f e a t u r e s ,  
such as  t h e  two v e r t i c a l  ( p i c t u r e  p la n e )  d r a i n a g e  c h an n e ls  i n ,  and 
to  t h e  l e f t  o f  c e n t r e  a s  well  a s  t h e  v e g e t a t i o n  p a t t e r n  ru n n in g  
h o r i z o n t a l l y  can be d e t e c t e d .  However, a r e a s  o f  t e r r - i r  which could  
be r e l a t i v e l y  e a s i l y  d e l i n e a t e d  as be in g  un ifo rm on F ig u re  7 . JO 
were by no means obv ious  on th e  r e p l a y s  a l t h o u g h  th e  -a-ers tn e m s : I v c s  ~ 
e . g .  t h e  h o r i z o n t a l  d a rk  to n e d  v e g e t a t i o n  band -  a r e  l a r g e  compared t o  
t h e  s i z e  o f  the  computer p i c t u r e  p o i n t .  Image space  c l u s t e r i n g  
r o u t i n e s  were found t o  be more a p p r o p r i a t e  in  such s i t u a t i o n s  and 
i t  was en v isag ed  t h a t  a c c e p t a b l e  r e s u l t s  would be o b t a i n e d .
Data  r e d u c t i o n  s t u d i e s  were c o n s i d e r e d  t o  be n e c e s s a r y  i f  t h e  
p r o c e s s i n g  was to become more r a p i d .  One p a r t i c u l a r  approach  con­
s i d e r e d  was to  a p p ly  f a c t o r  a n a l y s i s  r o u t i n e s  t o  a r e a s  o f  known 
t e r r a i n  t y p e s .  T h i s  a p p ro a ch ,  i n  c o n t r a s t  w i th  p r i n c i p a l  components 
a n a l y s i s ,  e n a b le s  th e  r e g io n s  of  t e r r a i n  c o n s id e r e d  r a l  ' v-’r. : t o  
be used  to  d e r i v e  t h e  new v e c t o r s .
7 . 9  C l u s t e r i n g  R ou t ines  used  i n  C o n ju n c t io n  w i th  'L o o k - u p ’ 
C l a s s i f i e r s
An a l t e r n a t i v e  which v/ould r e d u c e  t h e  c om pu ta t ion  t im e  a s s o c i a t e d  
w i th  t h e  c l a s s i f i c a t i o n  i s  s i m i l a r  t o  a s u p e r v i s e d  l e a r n i n g  r o u t i n e .
-  ' '"7  -
FIGURES V.:)0 to 7.33 - Pare 199
F ig u r e  7 .30  : Panch rom at ic  p h o to g ra p h  o f  t h e  Dngald R iver  Lode a re a
Figure 7*31 ; Computer generated reconstruction of  density scanned 
imago. False Colour Red l:iyor.
F i g u r e  7*32 : Computer g e n e r a t e d  r e p l a y  d e r i v e d  a f e r  s c a n n in g  th e  
Blue dye l a y e r  o f  th e  F a l s e  Colour  f i l m .
F ig u r e  7*33 : Computer g e n e r a t e d  r e p l a y  d e r i v e d  a f t e r  s c a n n in g  t h e  
Panchrom at ic  f i l m  (Yellow f i l t e r ) .
In  a l l  t h e  r e p l a y s  t h e  a r e a  conce rned  i s  t h a t  shown in  F i g u r e  7*30. 




The p a r t i c u l a r  c l u s t e r i n g  r o u t i n e s ,  hav ing  been a p p l i e d  t o  r e l a t i v e l y  
sm a l l  and r e p r e s e n t a t i v e  a r e a s  o f  th e  t e r r a i n ,  would e n ab le  t h e  
d e n s i t i e s  a s s o c i a t e d  v;ith each c l u s t e r  to  be d e t e r m in e d .  T h e i r  mean 
d e n s i t i e s ,  t o g e t h e r  with  t h e i r  a s s o c i a t e d  d e v i a t i o n s  cou ld  t h e n
be used  in  a lo o k -u p  mode to  c l a s s i f y  th e  r em a in d e r  o f  t h e  image.
The r e s u l t s  o f  th e  c l a s s i f i c a t i o n  could  th e n  be d i s p l a y e d  u s i n g  t h e  
r e p l a y  programme used  t o  produce F ig u r e s  7 .31  -  7 .3 3  where t h e
p a r t i c u l a r  c l u s t e r s  c;m bo r e p r e s e n t e d  by a s p e c i f i c  d e n s i t y ,  or  
^colour by means of  m u l t i p l e  ex p o su re s  on to  c o lo u r  f i l m .  However, 
as w i th  measurement sp ac e  c l u s t e r i n g ,  t h e  d i s t r i b u t i o n  o f  groups 
i s  u n l i k e l y  t o  r e s u l t  in  homogeneous r e g i o n s  ak in  to  t h e m a t i c  maps. 
C o n se q u e n t ly ,  a l t h o u g h  a r a p i d  c l a s s i f i c a t i o n ,  p o s s i b l y  u s i n g  
ana logue  c i r c u i t r y ,  becomes a v a i l a b l e  some smooth ing  o f  t h e  c l a s s ­
i f i c a t i o n  b e f o r e  d i s p l a y  would be n e c e s s a r y .
7 ,1 0  C l a s s i f i c a t i o n  Using H o n -S p e c t r a l  F e a t u r e s
h i t h i n  th e  c u r r e n t  p r o j e c t ,  s e v e r a l  d i f f é r e n t  f e a t u r e s  c o u l d  .:3va 
been u sed ,  e i t h e r  i n d e p e n d e n t l y  or  in  c o n j u n c t i o n  v.dth t h e  s p e c t r a l
c o n t e n t  o f  th e  t e r r a i n  t o  improve th e  c l a s s i f i c a t i o n .  Two p a r t i c u l a r
f e a t u r e s  a l r e a d y  mentioned were th e  p re sen c e  o f  t r e e s  and th e  s p a t i a l  
i n f o r m a t i o n  c o n t a i n e d  w i t h i n  t h e  im agery .
T r ee s  have been shown to  occu r  o n ly  in  p a r t i c u l a r  r e g i o n s  where t h e  
t e r r a i n  was conducive  to  t h e i r  g row th .  The d e t e c t i o n  o f  t h e  t r e e  
canopy was found t o  be more e a s i l y  performed on th e  f a l s e  c o lo u r  
imagery  where t h e  s t r o n g  i n f r a - r e d  r e f l e c t i o n  dominated t h a t  from 
a l l  o t h e r  a r e a s  o f  th e  t e r r a i n .  However, a. s i m p l e r  method, a p n l i c a u l e  
to  a l l  t h e  p h o to g r a p h ic  imagery . was t o  d e t e c t  f i r s t  t h e  p r e s e n c e  
o f  shadows, which,  because  o f  t h e  p h y s i c a l  n a t u r e  of  t h e  e n v i ro n m e n t ,  
were a lmost  a]ways th e  shadows from t r e e s .  In  o rd e r  to  c o n v e r t  th e  
b i n a r y  p r e s e n c e / a b s e n c e  o f  t r e e s  i n t o  a m ean ing fu l  measurement 
v e c t o r  i t  would be n e c e s s a r y  t o  a s s o c i a t e  a ' t r e e *  s co re  w i th  every  
o b s e r v a t i o n  in  t h e  p i c t u r e  p l a n e .  One method o f  s c o r i n g  c o n s i d e r e d  
was t o  use  th e  number o f  t r e e s  w i t h i n  a g iven  d i s t a n c e  -  p r o b a b ly
P O O
Manhat tan  -  from th e  o b s e r v a t i o n  c o n ce rn ed .  The s c o r e  would th e n  
be t r e a t e d  in  th e  same manner as  t h e  s p e c t r a l  f e a t u r e s .
S p a t i a l  f e a t u r e s  w i t h i n  th e  c o n t e x t  of  p i c t u r e  p r o c e s s i n g  t e n d  to  be 
a s s o c i a t e d  wi th  p e r i o d i c  s t r u c t u r e s .  Sand dunes ,  waves on water  
s u r f a c e s ,  p l a n t a t i o n s  and g e o l o g i c a l  fo r m a t io n s  a r e  examples o f  
p e r i o d i c  s t r u c t u r e s  w h i l s t  d i f f e r e n t  amounts o f  b u s h e s ,  randomly 
d i s t r i b u t e d ,  r e p r e s e n t  d i f f e r e n t  t e x t u r e s .  I n f o r m a t io n  r e l a t i n g  to  
s p a t i a l  f e a t u r e s  has been d e r i v e d  by o th e r  r e s e a r c h e r s  u s in g  Fas t  
F o u r i e r  and Iladamard, T ransform s  which e f f e c t i v e l y  t r a n s f o r m  th e  
image i n t o  th e  f r eq u e n cy  domain.
C l e a r l y  d e f i n e d  p e r i o d i c  s t r u c t u r e  was seen  when t r e e  p l a n t a t i o n s  
were scanned  but to o  l i t t l e  work was c a r r i e d  out  u s in g  F . F . T s .  t o  
draw c o n c l u s i o n s  as t o  t h e i r  use  i n  n e a r  s p a t i a l l y  random e n v i ro n m e n ts .
7 .11  O v e ra l l  C o n c lu s io n s  made on th e  A n a ly s i s  o f  the  P h o to g r a p h ic  
Im ag e ry .
The r e s u l t s  p r e s e n t e d  i n  t h i s  C hap te r  d e m o n s t r a t e d  t h e  f o l l o w i n g :
( i )  Measurement s p ace  c l u s t e r i n g  r o u t i n e s  were c a p a b le  o f  
c l a s s i f y i n g  m u l t i - s p e c t r a l  d a t a  t o  a l 'omit ad e x t e n t .
( i i )  A h y b r i d  image and measurement space  c l u s t e r i n g  p ro v id e d
c l a s s i f i c a t i o n s  which were more h ig h ly  c o r r e l a t e d  w i th  t h e  
t h e m a t i c  maps p roduced  and used  by e a r t h  s c i e n t i s t s .
( i i i )  C o r r e c t i o n s ,  t r a n s f o r m s  and i t e r a t i v e  r e l o c a t i o n  c l u s t e r i n g  
r o u t i n e s  were found to  p ro v id e  on ly  minor changes in  th e  
c l a s s i f i c a t i o n  p e r fo rm a n c e .
( i v )  A c o n s i d e r a b l e  p r o p o r t i o n  o f  r e d u n d an t  d a t a  was g a t h e r e d
u s in g  th e  m u l t i - s p e c t r a l  camera a r r a y ,
(v) Bulk d a t a  p r o c e s s i n g  was env isaged  u s i n g :
(a) Hybrid image and measurement sp ac e  t e c h n i q u e s
(b) S p e c t r a l  p a r a m e t e r s  d e r i v e d  from sm al l  a r e a  
c l a s s i f i c a t i o n s ,  a l th o u g h  t h i s  would r e q u i r e  some 
s p a t i a l  f i l t e r i n g .
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8 TERRAI'! CLASSIFICATIOM USING PHOTOGRAPHIC IMAGERY III
THE VISIBLE AND NEAR INFRA-RED SPECTRUM TOGETHER WITH 
IMAGERY FROM THE THERMAL INFRA-RED SPECTRUM: CONCLUSIONS
In view of the pseudo-random nature of the environment which was 
studied and on which classification was attempted the results were 
regarded yas encouraging.
Terrain classification using multi-rnectral camera arrays and 
standard photo-interpretation techniques is already a well practised 
art. Consequently the aim of the study was biased towards machine 
classification techniques. It has been shown that without the use 
of spatial information the classification of the terrain in Western 
Queensland lacked the uniformity of delineations between terrain 
types generally associated with the thematic maps used by earth 
scientists.
The techniques developed were considered to be appropriate for t h e  
analysis of small areas, but the processing of bulk data would 
necessitate a modified approach in order that the time required 
for computation of the results would not become inordinately large.
Imagery derived from the infra-red linescanner related to the 
thermal and emissive properties of the terrain. An unfortunate 
malfunction of the equipment resulted in degraded imagery being 
produced. However it became apparent that the information derived 
from this waveband was related to small scale features, typically 
of a size useful for the geological mapping of structure. The 
effects of solar radiation on the terrain made quantitative assess­
ment of the imagery exceedingly difficult although it was felt 
that, in view of the size and scale of the useful features seen on 
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The r e p o r t  c o n t a i n e d  in  Appendix A was p r e s e n t e d  t o  t h e  F o r e s t r y  
Commission a t  th e  c o n c l u s i o n  o f  t h e  p r o j e c t .
THE DETECTION OF PHOSPHATE DEFICIENCIES AND TOXICITIES IN SITKA- 
SPRUCE TRAHSPLAHTS USING NARRCV/-BAND PHOTOGRAPHY
By R.D .E, Ciistance and Dr.  E ,S .  Owen Jones
Phospha te  d e f i c i e n c i e s  and t o x i c i t i e s  in  S i t k a  Spruce te n d  to  be 
d i f f e r e n t  from t h o s e  o f  o t h e r  common e lem en ts  as t h e r e  i s  no n o t i c e ­
a b le  a s s o c i a t e d  change in  f o l i a r  c o lo u r  ( 1 ) .  Work, p r i m a r i l y  in  
t h e  U.S.A. on th e  l i g h t  r e f l e c t e d  by f o l i a g e  has sAown t h a t  some 
. s t r e s s  c o n d i t i o n s  a r e  m a n i f e s t e d  by changes in  a r e l a t i v e l y  na r row 
p a r t  o f  th e  v i s i b l e  o r  n e a r  i n f r a - r e d  p a r t  o f  t h e  spec t rum  e . g .  
t h e  l a t t e r  i s  a s s o c i a t e d  with  t h e  i n n e r  s t r u c t u r e  of  f o l i a g e .
The a u t h o r s ’ i n t e r e s t s  a r e  in  t h e  f a c t o r s  a f f e c t i n g  t h e  r e f l e c t a n c e  
o f  l i g h t . b y  f o l i a g e ,  and a c o - o p e r a t i v e  p r o j e c t  u s i n g  a c o n t r o l  a t  
Wareham and. a t e s t  s i t e  a t  Headley Nursery  was c a r r i e d  o u t  in  
1972 (June  -  O c t o b e r ) .
S ix  p l o t s ,  each c o n t a i n i n g  fO S i t k a  Spruce  t r a n s p l a n t s  and w i th  
p hospha te  do^es o f  0 ,  1, 2,  9 ,  9 ,  IR gm s/sc .  yd.  were s e t  cu t  in  
May, These were r e - p h o t o g r a p h e d  from th e  ground a t  month ly  i n t e r v a l s  
u n t i l  O c tober ,  when a A-0 f e e t  tower was used to  o b t a i n  v o r t i c a l  
p h o to g r a p h s .  The pho tog raphs  wore t a k e n  u s in g  s i x  narrow band 
(20 nm) f i l t e r s  in  t h e  v i s i b l e  and n e a r  i n f r a - r e d  p a r t  o f  th e  
s p ec t ru m .  The v e r t i c a l  p ho tog raphs  proved, th e  most r e w a rd in g  and 
a r e  d i s c u s s e d  below.
In th e  v i s i b l e  s p i c t r u n  two o f  t h e  f i l t e r s  re v e a le d  s u b t l e  ton^ l  
d i f f e r e n c e s  between p l o t s  vniich c o r r e l a t e d  wi th  the p hospha te  
t o x i c i t i e s  found l a t e r  by f o l i a r  a n a l y s i s .  An i n c r e a s e  in  t h e  
e f f e c t i v e  h o r i z o n t a l  canopy a r e a  w i th  i n c r e a s i n g  l e v e l s  o f  phospha te  
t r e a t m e n t  was seen  c l e a r l y  on th e  i n f r a - r e d  pho tographs  where t h e  
v e g e t a t i o n  was in  h ig h  c o n t r a s t  w i th  t h e  s o i l  backbround .
The work i s  c o n s i d e r e d  to  have been s u f f i c i e n t l y  p ro m is in g  t h a t  
a more s o p h i s t i c a t e d  ex per im en t  with  p h ospha te  l e v e l s  r a n g i n g  from
sub-optimum t o  t o x i c  i s  b e in g  proposed  f o r  t h e  coming y e a r  (1973)#
The problems of  image f a l l - o f f  due t o  t h e  t h i c k  f i l t e r s  u sed  and 
t h a t  o f  v a r y in g  i n c i d e n t  l i g h t  i n t e n s i t y  w i l l  be f u r t h e r  i n v e s t i g a t e d  
as w i l l  th e  use.  o f  a S p c c t ro -R a d io m e te r  f o r  i n i t i a l  s m a l l - s c a l e  
s c a n n in g  of  t h e  c an o p y ’ s r e f l e c t i v e  spec t rum  f o r  induced  e f f e c t s .
In  t h e  mejintime i t  i s  hoped to i n c o r p o r a t e  in  'U'l e x i s t i n g  a e r i a l  
p h o to g r a p h ic  s o r t i e  a s e t  of  na r row -band  p h o tog raphs  ove r  an a rea  
of  known s i g n i f i c a n t  phospha te  l e v e l  d i f f e r e n c e s .
Ôur th a n k s  go t o  Dr.  G. Mnyhcad o f  t h e  F o r e s t r y  Commission f o r  h i s  
a s s i s t a n c e  on th e  Commission 's  b e h a l f .
(1) F o r e s t r y  Commission B u l l e t i n  No. 37 p . l 8 0
2^7 _
APPENDIX B
The p a p e r  r e p ro d u c e d  in  Appendix B was p r e s e n t e d  to  t h e  B r i t i s h  
I n t e r p l a n e t a r y  S o c i e t y  a t  t h e  Symposium on E a r t h  O b se rv a t io n  
S a t e l l i t e s ,  10-12 A p r i l ,  1973-
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DIGITISED ANALYSIS OF SKYLARK ROCKET IMAGERY
E. S. OWEN JONES and N. D. E. CUSTANCE
Physics Department, Bedford College, Regent’s Park, London, England,
Cluster analysis techniques are applied to  rocket imagery o f  a cultivated area 
in the Ceduna region o f Australia. Considerable im provem ents in the classifica­
tion  are obtained by the im plem entation o f  a hybrid image space/m easurem ent 
space clustering routine. The technique is seen as a means o f  creating discrimi­
nant criteria for bulk image analysis.
1. INTRODUCTION
IN THIS PAPER we consider the application o f  cluster analysis techniques to  
the Skylark rocket imagery obtained over Woomera in March 1972. The area 
chosen for study is in the Ceduna region where the principal features are cultiva­
ted fields. Cluster analysis is an unsupervised learning technique and therefore re­
quires no a priori knowledge o f  the targets betw een w hich discrim ination is 
sought — although fhe overall perform ance can obviously on ly  be verified by  
correlation o f  com puted results w ith ground truth data. The study was relatively  
short and the area analysed small, as its purpose was to  investigate techniques 
appropriate to  an extensive terrain analysis programme currently under develop­
m ent.
2. METHODS OF ANALYSIS
Current m achine terrain classification processes depend in th e main on super­
vised learning techniques. These require that training areas be supplied to  the 
com puter so as to  establish discriminate criteria w hich classify unknown data. 
Such a process can be tim e consum ing w ith digital machines but its main draw­
back is that the final result is a function o f  the training sets used whereas the re­
sults from cluster analysis (unsupervised learning) are related solely to the raw 
data input.
Three principal form s o f  cluster analysis were considered appropriate to the 
data used; Hierarchical Fusion, Iterative R elocation and Division. Of these on ly  
the first tw o m entioned were applied to  the rocket imagery w ith  greater em pha­
sis being placed on the fusion m ethod. Considerable im provem ents in com puter 
tim e and results were obtained by im posing spatial criteria on the fusion routine. 
Iterative R elocation  gave similar results to Hierarchical Fusion (w ithout the spa­
tial criteria) and is not discussed in detail.
The area chosen for exam ination is situated in the cultivated Ceduna region, 
Fig. la  and is show n in detail in Fig. lb . Fig, Ic  being a conventional aerial p hoto  
taken from  2 0 0 0  ft. The task for the analyst can be broken dow n in to  tw o parts:
(i) D elineation o f field boundaries.
Oi) Identification o f field types.
The photographic system s em ployed in the Skylark SL 1081 package, discuss­
ed elsew here [ 1 ] resulted in three photographs o f  the region each taken through
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Fig. la . Part o f frame 46, SL 1081 imagery showing the Ceduna region at 1:2,000,000 scale.
Fig. lb . Enlargement o f the area within the box in Fig. la . The start and finish o f  the 
scanned line are indicated by arrows.
m - f S i & é A
Fig. Ic. Conventional aerial photograph o f approximately the same area and scale as Fig. lb .
a different filter — Frames 45 (R ed) 46 (Y ellow ) and 47 (G reen). A small area 
was chosen in w hich The University o f Reading field party had carried out ground 
surveys and a single line scan was made through this area on each frame w ith a 
Joyce Loebl M icrodensitom eter. This resulted in three digitised density scans Fig. 
2, differing from each other because of the differing reflectance spectra from the 
fields under exam ination. The spot size o f the light beam in the m icrodensito­
meter, w hich determ ined the area sampled to  give a single density reading, was 
approxim ately 40  x 40 microns, equivalent to  80 x 80 metres on the ground.
E xam ination o f  the scans showed that apart from  the start o f  the scan where 
there was bare ground, no other obvious field boundaries could be located. Their 
inferred location , marked w ith  asterisks, was obtained by extra-polation from  
the 1:2 0 ,000  photograph Fig. Ic.
A fter calibration and scaling the data was analysed using Ward’s Error Sum o f  
Squares Clustering techniques. The three variables represented by the optical den­
sities o f the three spectral bands are treated as orthogonal vectors. Each particu­
lar elem ent on the ground will have three densities associated w ith it and thus has 
a particular position in three dim ensional (m easurem ent) space. Similar ground  
elem ents — by intuitive definition — will have similar reflectances and thus w ill
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Fig. 2. The three microdcnsitometer scans along the line delineated in Fig. lb  corresponding 
to the Red (1), Yellow (2) and Green (3) bands. Tlie asterisks along the abscissa denote the 
field boundaries determined from Fig. Ic,
be near each other in measurement space. Cluster analysis is used to  search through  
the m easurem ent space and merges together those points w hich are not on ly  close 
together but also form a tight cluster. As the clustering is hierarchical, merging o f  
the points, or groups o f  points, is an irrevocable step and points cannot be trans­
ferred to a different group at a later stage, a restriction which is not im posed by  
Iterative R elocation routines. The process continues merging together points or 
groups o f  points until finally all points are a member o f  the one same group, but 
the results at any level o f  grouping can be exam ined. The relevant level o f  group­
ing to  be used is determ ined by ground truth considerations.
3. DISCUSSION OF RESULTS
The results o f  a given analysis are presented on Group Distribution (G .D .) p lots 
(Figs. 3 , 4 ). The ‘X ’ axis represents distance along the scanned line whilst in créas-
til— "
Fig. 3. The Group Distribution Plot resulting from measurement space clustering. The abscis­
sa represents position along the scan line and the ordinate the level o f grouping. The lowest 
level o f the block o f characters corresponds to two groups, the next line up to three groups, 
the next to four, etc.
ing levels o f grouping are in the ‘Y ’ direction. Each ground elem ent has a sym bol 
associated w ith it, corresponding to  the group to w hich it is allocated. Thus, the 
low est line, corresponding to tw o groups, has sym bols 1 and 5. With the aid o f  
such plots, the interplay betw een distribution and the choice o f levels is readily 
assim ilated, and its significance understood. For exam ple, level tw o show s the 
distribution o f  bare ground, Sym bol 1, and all other ground, Sym bol 5; at level 3,
2 0
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Fig. 4. The Group Distribution Plot resulting from hybrid image/measurernent space 
clustering.
Sym bol 5 is subdivided into Sym bol 5 and Sym bol 8.
The results o f Fig. 3 were encouraging, som e field boundaries being located, 
but tw o problem s were seen on the G.D. plots. The first was that the level of  
•grouping which gave good discrimination for som e fields was too large or too  
small for others. The second problem  now arises such that when a certain level 
o f grouping was chosen, som e fields would consist o f a heterogeneous collection  
o f groups. The reason for this is thought to be due to the different within-ficid  
and betw een-field variances and their associated effects on the merging proced­
ures. It was implied earlier that the criterion for points or groups o f points to be 
merged together is a function based on tw o measurements; the distance in mea­
surem ent space betw een them , and the tightness o f  the clusters form ed by the 
merger (the within-group variance). The function  o f  these tw o parameters is the 
merging error. For three fields. A , B, C, w ith associated within-field variances 
V a , V g , Wq  and betw een-field distances S ^ g , S g c ,  S ^ c  the merging errors Mxy 
where
^xy “ (Vx, Vx, Sxy)
can be such that
MAiAj ) Mgc
where i and j are points or groups o f  points w ithin field A but not o f  the same 
cluster. Thus B and C merge before the ith and jth  members o f field A do, e.g ., a 
field o f  scrub (A ) could have a greater merging error associated w ith  its ow n  
points than that betw een a field o f grass (B) and a fallow  field (C). To overcom e  
tliis problem  spatial constraints and an iterative clustering routine were tried.
Iterative R elocation is a m ethod o f clustering which allows points to change 
groups. Thus, after a merging o f groups, all the points in all the groups can be ex ­
amined and moved to another group if the individual’s merging error w ould be 
reduced. This m ethod was used but the results, although shghtly different, did 
not warrant further investigation.
An alternative form of analysis is to cluster together points in image space 
rather than measurement space. In the present case this meant im posing the 
restraint whereby merging would only be allowed for points or groups o f  points  
that were, or had members, w hich were adjacent, e.g., for points numbered se­
quentially along the scan;
41 merging w ith 43; forbidden  
41 merging w ith 42; allowed  
4 1 , 42  merging w ith 43; allowed
It was hoped that such clustering w ould overcom e the previous problem s by  
encouraging the fields to  form  as separate entities.
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TIic resu lts o f  th is spatial constra in t applied  to  the H ierarchical F u sion  rou­
tin e  w ere to  reduce the co m p u tin g  tim e by a factor  o f  4  and to  build up h o m o ­
g en eo u s groups very rapidly (F ig . 4). T he disadvantage cam e w h en , having group­
ed the p o in ts  in to  fields, the fields were irrespectively  m erged w ith  their neigh­
bours. T his problem  w as c ircum vented  by releasing the spatia l constra in t at a 
level o f  ~  2 0  groups and then  a llow in g  hierarchical clustering to  co n tin u e . T hus  
s i m i l a r  fie ld s w ere clustered  to geth er  on  the basis so le ly  o f  their m erging error in 
m easurem ent space.
4. CONCLUSION
T his hybrid c lu stering  w ill be used as an in itia l m eans for determ in ing  the co m ­
b in a tio n s o f  d en sities rc(;uircd for  d iscrim inating b etw een  areas o f  in terest o n  
sm all scale im agery. T hese d en sitie s cou ld  then  be used in co n ju n ctio n  w ith  an 
ad d itive  v iew er v/here th e  op tim u m  filters and light levels w ou ld  be determ ined  
a u to m a tica lly  rather than by  trial and error, w h ilst the m o st e ffec tiv e  m eth o d  
w ill be to  s lice  o u t th e  appropriate d en sities from  each  film  and then  to  re­
c o m b in e  th em  via filters o n  to  co lo u r  film , giving a terrain c la ssifica tion -b y-co lou r  
m ap.
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